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Symposium (A)
~ Aircraft Update Programmes.
The Economical Alternative?

(RTO MP-44)

Executive Summary

The general theme of the joint symposium held in Ankara, Turkey on 26 to 28 April 1999 was
“Advances in Vehicle Systems Concepts and Integration.” The Symposium (A) on “Aircraft Update
Programmes, The Economical Alternative?” provided an opportunity to share NATO experience in the
upgrade and update of aircraft, including rotorcraft. Focus was on three key questions: “What can and

- cannot be done economically?”; “What are the limitations extending useful life of aircraft?”; and “How
y g

can technological advances be integrated?”. These questions were addressed from both technical and
cost-effectiveness points of view at this symposium.

The symposium was structured in five sessions covering Cockpit, Sensors, Engine, Overview and
Lessons Learned (Part I and Part IT) and was concluded by a panel discussion. There were twenty four
papers presented. Two papers addressed cockpit upgrades taking benefit of the numerous advantages of
the man-machine interface and allowing optimized operational capabilities to reduce overall
development costs. Six papers addressed sensors/avionics. Discussions in this session included digital
terrain system, electronic warfare management, modular avionics architecture, computer symbolic
generators, air-to-surface weapon delivery and multi-target air-to-air armament control.

Three papers addressed the engine upgrades which covered advanced turbine engines for helicopters
and the PW150 turboprop for C-130. Thirteen papers gave overviews or addressed lessons learned
covering fighters (e.g. F16 MLU), transports (e.g. Transall C-160), rotorcraft (e.g. H-1), and
discussions on cost-process for deciding between a new system versus an upgrade program. One of the
principal parameters on cost is aircraft commonality. Two papers and a Keynote Address on
USN/USMC H-1 program highlighted the commonality of 85 percent between the AH-1Z and UH-1Y.

In summary, with regard to the symposium title, “Aircraft Update Programmes, The Economical
Alternative?”, the answer is a resounding YES as concluded by the panel discussion. With a new
aircraft development program costing a factor of ten or more than an upgrade program, it is difficult to
challenge the cost-benefit of aircraft update programmes. The shortcoming with upgrading an existing
aircraft is that its useful life is extended another 20 years at most, whereas a new aircraft would usually
provide double the life.
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Symposium (A)
Les programmes de modernisation des aéronefs.
La solution économique ?

(RTO MP-44)

Synthése

Le théme global du symposium qui a été organis€ & Ankara, en Turquie, du 26 au 28 avril 1999 est le
suivant : « Les avancées en concepts systtmes.pour véhicules et en intégration ». Le symposium (A)
sur « Les programmes de modemisation des aéronefs. La solution économique ? » a fourni 1’occasion
de partager I’expérience de 'OTAN dans le domaine des programmes d’amélioration et de
modification des aéronefs, y compris les aéronefs a voilure tournante. L’accent a été mis sur trois
questions: « Qu’est-ce qui est faisable dans les limites imposées par la rentabilité ? » « Quelles sont les
obstacles au prolongement du cycle de vie utile des aéronefs ? » et « Comment intégrer les progrés
technologiques ? ». Ces questions ont été examinées du point de vue technique et du point de vue de
rentabilité.

Le symposium a été organisé en cing sessions comprenant le poste de pilotage, les senseurs, les
moteurs, un tour d’horizon et les enseignements tirés (Partie I et Partie II). Le symposium s’est terminé
par des discussions sous forme de table ronde. Vingt quatre communications ont été présentées. Le
sujet de I’amélioration du poste dc pilotage en tirant profit des nombreux avantages offerts par les
interfaces homme-machine et en réduisant les cofits globaux de développement par le biais de
Poptimisation des capacités opérationnelles a été traité par deux communications. Six autres
communications ont porté sur les senseurs et I’avionique. Les sujets suivants ont été discutés lors de
cette session : les systtmes de suivi de terrain numériques, la gestion de la guerre électronique,
Parchitecture de I’électronique modulaire, les générateurs de symboles, le tir des missiles air-sol et la
commande des systtmes d’armes air-air multicible.

Trois communications ont traité de I’amélioration d’un turbomoteur avancé pour hélicoptéres et du
turbopropulseur PW150 pour le C-130. Treize communications présentaient un tour d’horizon et des
enseignements tirés concernant des avions de combat (ex: F16 MLU) des avions de transport
(ex : Transall C-160) et des aéronefs a voilure tournante (ex : H-1) ainsi que des discussions sur le
calcul des cofits pour permettre de décider entre 1’achat d’un nouveau systeme et 1’amélioration d’un
systtme existant. L’identité de conception des aéronefs est 'un des principaux parameétres coiits.
L’identité de 85% entre I'AH-1Z et 'UH-1Y a été mise en évidence par deux communications, ainsi
que par le conférencier d’honneur dans son discours sur le programme de I'USN/USMC H-1.

En conclusion, concernant le titre du symposium, « Les programmes de modernisation des aéronefs. La
solution économique ? » les discussions en fin de séance ont conclu par un OUI massif. Etant donné
que les programmes de développement d’aéronefs nouveaux cofitent au moins_dix fois le prix d’un
programme d’amélioration, il est difficile de nier les cofits-avantages associés aux programmes
d’amélioration. Le seul point faible de I’amélioration d’un avion existant est que sa vie utile est
prolongée de 20 ans au plus, tandis que la vie utile d’un avion neuf est d’au moins 40 ans.




Symposium (B)
Warfare Automation: Procedures and
Techniques for Unmanned Vehicles

(RTO MP-44)

Executive Summary

The general theme of the joint symposium held in Ankara, Turkey on 26 to 28 April 1999 was
“Advances in Vehicle Systems Concepts and Integration”. The Symposium (B) on “Warfare
Automation: Procedures and Techniques for Unmanned Vehicles” provided a state-of-the-art summary
on technologies used for unmanned military vehicles, their operation and their integration into mission
systems and battlefield scenarios. Focus was on operational requirements for unmanned vehicles,
ongoing design and development programs and experiences from laboratory testing, ficld experiments
and real applications of unmanned vehicles.

The Symposium was structured in four sessions:

1. Operational requirements for unmanned vehicles
2. Integration aspects and mission management

3. Platform management and critical technologies
4. System concepts and mission experience.

The Symposium was concluded by a round table discussion. In total, twenty three papers were
presented. Six presentations addressed operatxonal requirements from different perspectwes Six papers
described integration and mission aspects, ranging from signal processing for micro sensors to fully
autonomous unmanned combat air vehicles. Five presentations addressed platform management and
technology aspects. System concepts and mission experiences were discussed in six papers, covering
unmanned tactical aircraft system concepts, surveillance unmanned aerial vehicles, a land vehicle and
reports from field experiences with unmanned aerial vehicles (CL-289 and Predator). Round table
discussions covered aspects of operational requirements, levels of autonomy and corresponding time
frames, cost considerations and integration of vehicles and battlefield management.

The design studies, development programs and the field experience with unmanned vehicles (air, land
and sea vehicles) provided a comprehensive picture of the requirements, capabilities and uses of such
vehicles and also very useful information for future development programs. Cost and cost effectiveness
aspects were discussed, but more practical experience, a much better data base and considerable
analytical work will be necessary to obtain a clear picture. One other area of concern which was
addressed at this symposium was the problem of the integration of unmanned vehicles into mission
systems and battlefield scenarios, and their interoperability with other existing and planned “systems of
systems”. At this stage of the development of unmanned vehicles, the requirements for 1r|teroperab1hty
and mtegratlon probably do not yet receive sufficient attention. More work and more coordination is

needed in the future in order to make sure that these systems work together properly in the NATO
environment.




Symposium (B)
Automatisation du combat : procédures et
technologies de véhicules sans pilote

(RTO MP-44)

Synthese

Le theme global du symposium qui a été organisé a Ankara, en Turquie, du 26 au 28 avril 1999 est le
suivant : « Les avancées en concepts systémes pour véhicules et en intégration ». Le symposium (B)
sur « Automatisation du combat : procédures et technologies de véhicules sans pilote » a fait le point
- de Iétat actuel des connaissances dans le domaine des technologies utilisées pour la réalisation des
véhicules sans pilote, de leur exploitation et de leur intégration dans les systémes de conduite de
mission et les scénarios de combat. Le symposium a mis I’accent sur les spécifications opérationnelles
des véhicules sans pilote, les programmes actuels de conception et de développement et I’expérience
acquise dans le domaine des essais en laboratoire, des expériences sur le terrain et du déploiement de
véhicules sans pilote,

Le symposium a été organisé en quatre sessions :

1. Spécifications opérationnelles pour véhicules sans pilote
2. Aspects intégration et gestion de mission

3. Gestion de plates-formes et technologies essentielles

4. Concepts systémes et expérience opérationnelle

Le symposium s’est terminé par une table ronde. En tout, vingt trois communications ont été
présentées. Différents aspects des spécifications opérationnelles ont été traités dans six présentations.
Six communications ont porté sur les aspects intégration et missions, allant du traitement du signal
pour microsenseurs aux véhicules aériens sans pilote enti¢rement autonomes. Cing autres présentations
ont examiné la gestion des plates-formes et les aspects technologiques. Des concepts de systemes et
Pexpérience opérationnelle ont été examinés dans six communications, couvrant les concepts de
systémes pour véhicules aériens tactiques sans pilote, véhicules aériens de surveillance sans pilote, un
véhicule terrestre et des rapports sur des expériences sur le terrain réalisées sur des véhicules aériens
sans pilote (CL-289 et Predator). Les discussions qui ont eu lieu lors de la table ronde étaient centrées
sur les besoins opérationnels, les niveaux d’autonomie et les tranches de temps correspondantes, les
considérations de cofits, Pintégration des véhicules et la gestion du combat.

Les études de conception, les programmes de développement et I’expérience sur le terrain avec des
véhicules sans pilote (véhicules aériens, terrestres et maritimes) fournissent la description compléte des
spécifications, des capacités et des applications de tels véhicules, ainsi que des informations trés
pertinentes sur les futurs programmes de développement. Les aspccts coiits et rentabilité ont été
discutés, mais il faudra beaucoup plus d’expérience sur le terrain, une base de données plus compléte et
des travaux d’analyse considérables avant d’avoir une vue d’ensemble plus claire. Une autre
préoccupation de ce symposium a été le probleme de I'intégration des véhicules sans pilote dans les
systtmes de conduite de mission et dans les scénarios de combat, ainsi que leur interopérabilité avec
d’autres « systemes de systémes » existants et projetés. A I’heure actuelle, il y aurait lieu d’accorder
plus d’attention au développement des véhicules sans pilote, ainsi qu’aux exigences en matiére
d’interopérabilité et d’intégration. Plus d’efforts et plus de coordination seront demandés a 1’avenir
pour assurer la synergie de ces systémes au sein de 'OTAN.
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Theme

The general theme of this joint symposium was “Advances in Vehicle Systems Concepts and Integration”. Two
simultaneous symposia were presented:

1.

Symposium (A): “Aircraft Update Programmes. The Economical Alternative?”

This symposium provided an opportunity to share NATO experience in the upgrade and update of aircraft,
including rotorcraft. Focus was on three key questions: “What can and cannot be done economically? What
are the limitations extending useful life of aircraft? and Hew can technological advances be integrated?”
These questions were addressed from both a technical point of view and a cost-effectiveness perspective.

. Symposium (B): “Warfare Automation: Procedures and Techniques for Unmanned Vehicles”

This symposium provided state-of-the-art summary on technologies used for unmanned military vehicles,
their operation and their integration into mission systems and battlefield scenarios as well as acquisition and
system operating costs. Theoretical studies forecast cost reductions - “Is this supported by real experience?”
Special attention is on joint missions of land/sea/air forces, in areas with highly automated and cooperative
infrastructures and simple and hostile environments as well.

We believe the participants in this conference made significant contributions toward meeting the increasingly
difficult challenges of the NATO nations’ defense requirements within the limitations imposed by necessary
economics in military resource allocations.

xi




Systems Concepts and Integration Panel

Chairman:
Dr. Edwin B. STEAR

Eaton Hill Systems and Technologies

2103 Hunters Crest Way
Vienna, VA 22181
United States

Dr. Jing YEN ‘
Director, Flight Technology

BELL Helicopter Textron Inc.

P.O. Box 482
Fort Worth, Texas 76101
United Statés

From Europe:
RTA

Attn: SCI Executive
BP 25 :

7, rue Ancelle

92201 Neuilly sur Seine Cedex

France

PROGRAMME COMMITTEE

Mr Arnaud SALOMON

Vice-Chairman:

‘Prof. Luis M.B. da Costa CAMPOS

Instituto Superior Tecnico
Torre-Norte 6.24
Avenida Rovisco Pais
Portugal

‘Prof.Dr. Heinz WINTER

Institut fiir Flugfiihrung

DLR

Deutsches Zentrum fiir Luft und
Raumfahrt e.V.

Postfach 3267

38022 Braunschweig

Germany

Ministére de la Recherche et de 1a

Technologie

1, rue Descartes
75231 Paris Cedex
France

HOST COORDINATOR

Prof. Nafiz ALEMDARO GLUG

Middle East Technical University (ODTU)
Aeronautical Engineering Department

Indnii Bulvari
06531 Ankara
Turkey

PANEL EXECUTIVE

'LTC Scott CAMPBELL, USA

xii

From USA:

RTA

Attn: SCI Executive
PSC 116

APO, AE 09777




Acknowledgements

The Systems Concepts and Integration Panel wishes to express its thanks to the National Authorities of Turkey
for the invitation to hold this joint symposia in Ankara.

We would like to thank the Middle East Technical University for hosting the symposia in their campus and
convention center and for providing the necessary logistic support.

We would like to thank TUBITAK, Turkish Scientific and Technical Council, for providing financial support for
the symposia.

We would also like to thank:

ASELSAN (Turkish Military Electronics Industries)
ROKETSAN (Turkish Missile Industries)

TAI, TUSAS (Aerospace Industries, Inc.)
STF-SAVRONIK

TEI, TUSAS (Engine Industries Inc.)

for their support.

And finally, we wish to thank the following for their contribution to the success of these symposia:
European Office of Aerospace Research and Development

Air Force Office of Scientific Research

United States Air Force Research Laboratory

United States Office of Naval Research, Europe.

xiii




Keynote Address

by

M. Ozsu
Director, R&D Dept (ARGE)
Ministry of National Defence (MSB)
06650 Bakanliklar, Ankara, Turkey

It is a great pleasure for me and for my delegation to welcome you here in Ankara, in this
pleasant campus of Middle East Technical University, on the occasion of the Spring
Symposium of the System Concepts Integration Panel of the Research and Technology
Organization of NATO. The topic of the present symposium, Advances in Vehicle
Systems Concepts and Integration, is of particular importance for all of the NATO
nations when a new century is only a few months ahead. As I understand, the present
meeting is composed of two parallel symposia: one on the very important subject of
“Aircraft Update Programmes. The Economical Alternative?” and the other on the
subject of “Warfare Automation: Procedures and Techniques for Unmanned
Vehicles”. Both of these topics are of vital importance for all of the NATO nations which
I believe are well represented within this audience by their competent scientists.

The subject of the first symposium; “Aircraft Update Programmes, the Economical
Alternative?” is becoming more and more important when the increasing cost factors of
new aircrafts are considered. Aircraft Technologies are developing very fast with more
demanding requirements of the battle field operations. However all these developments
have a cost which is becoming more and more important for the tight defense budgets of
the nations. Hence updating / upgrading of the existing platforms with more advanced up
to date new technology is becoming more and more an economical alternative.

o Structural Upgrades, including the utilization of newly developed materials, such as
new composites are being employed on various aircraft, both fixed wing and rotary
wing.

e Of course Avionics Upgrade/Update is a major field where all countries are involved.
Electronics and in particular aviation electronics is one particular field where the most
rapid technological developments are witnessed. Computer systems are becoming
more powerful and more compact every day hence making even the most
sophisticated and the fastest computers of today definitely obsolete within a very
short time. Therefore, avionics update of very successful air crafts is a major issue in
Turkey which I believe is also the case in other NATO countries. To name a few: F4,
F5, T-38. Upgrading of the existing air craft with more advanced navigation
instruments and modern radar systems is very important for their survivability in
adverse flight conditions.

e Propulsion or Engine Update / Upgrade is another major issue. To obtain higher
thrust per unit weight and to have more economical engines are the basic issues for
propulsion upgrades. This brings also the strict and demanding requirements for the
maneuverability of the aircraft in adverse flight conditions.

e One major issue is definitely the improvement of the flying and the handling qualities
of the aircraft. As far as the problem of controlling the aircraft is considered, this is

~ definitely one of the most important areas where upgrading and updating are needed.

 Electronic warfare is an another important issue which I believe will be addressed to a
great extend during this symposium.

Paper presented at the RTO SCI Symposium on “Advances in Vehicle Systems Concepts and Integration”,
held in Ankara, Turkey, 26-28 April 1999 and published in RTO MP-44.
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The subject of aircraft update and upgrade is very important for Turkey which I believe is
equally important for our NATO allies. This symposium will definitely provide the

appropriate platform for the exchange of ideas and experiences among the NATO
nations.

The subject of the second symposium, “Warfare Automation: Procedures and Techniques
for Unmanned Vehicles”, is also as important as the first one. The operational needs and
the requirements for unmanned air vehicles have been widely experienced during the last
Bosnia Operation and is being used extensively today in Kosova operations of NATO.
All these operational aspects of Unmanned Vehicles have shown the vital importance of
Warfare Automation and the procedures and techniques related to their utilization. The
need for Unmanned Vehicles in the battlefield scenarios can not be denicd. The concept
of Aerial Unmanned Vehicles (Uninhabited Air Vehicles) can be extended to missions of
land and sea using Unmanned Vehicles. In this respect the topic of the present
symposium serves the purpose and the objectives of the newly formed Research and
Technology Organization of NATO. Hence, the integrating nature of this panel have
successfully integrated the operational needs of land/sea and air unmanned vehicles
within the scope of this symposium.

The topics of the papers to be presented during this meeting changes from the Operational
Requirements of the Unmanned Vehicles to their Integration Aspects and Mission
Management, from Platform Management and Critical Technologics to System Concepts
and Mission Experiences.

1 am sure that we will all bencfit and learn from the experiences of the other NATO
nations during these two symposia. One of the major outcomes of these symposia is
definitely the establishments of close friendships between different nations and the
sharing of knowledge gained from the experiences of the others.

I hope that this meeting will be one of those meetings that you will always remember
with good souvenirs. I welcome you once again to Turkey and ensure you that we will do
our best to make your stay during this week a pleasant one.

Thank you.
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FROM AUTOMATION TO AUTONOMY
-TRENDS TOWARDS AUTONOMOUS COMBAT SYSTEMS-

U. Krogmann
Bodenseewerk Geriitetechnik GmbH
Postfach 10 11 55
D-88641 Uberlingen

SUMMARY

The development, procurement and utilization of
defense systems will in future be strongly influenced by
affordability. A considerable potential for cost reduction
is seen in the extended use of automation reaching as
far as autonomous unmanned systems. Starting with
conventional and intelligent automation issues, this
paper will describe important enabling techniques and
technologies as a prerequisite for the implementation of
future autonomous systems with goal- and behavior-
oriented features. Main emphasis is being placed on
information technology with its computational and
machine intelligence (CM!) techniques. The treatment of
conceptional system approaches will be followed by
design considerations and then a global methodology
for the engineering of future autonomous systems will
be deatt with.

Critical experiments for technology evaluation and vali-
dation will be mentioned together with a brief descrip-
tion of the main focus in future research.

1 INTRODUCTION

Tactical systems are implemented as Integrated Mis-
sion Systems (IMS) such as e.g. air and space defense
systems. Key elements of IMS are - among others -
platforms with sensors and effectors, ground based

components with communication, command and control
efc.

in technology, evolutionary progress is generally
determined by the interaction between the
"Requirements Pull (RP)" and the "Technology Push
(TP)" (Fig. 1).

boundary of old
echindlogy ™~ -

{Transition to New Technologles offers
- | New Opportunities to improve YIELD / COST ratio

Cumulative Expense

® CONCEPT ALTERNATIVES

= Manned vs Unmanned

» Autonomous Systems

= Specialized vs Multi-Role AC
= Combination of Altenatives

® TRADE OFFS

= On Board vs OFF Board Means
= Cost into Platform vs Weapon System

iﬁ
o

® Integ Y St
® Micro Technology

® Mult-Functional Structures
® Communication

@ Men -Machine Inferaction

Figure 1: Requirements pull vs. technology push

A TP S o el T I T
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Ever increasing requirements for more and more com-
plex systems and their functions activate individual key
technologies within the technological basis available or
possibly to be created. However, new tech‘nologies -
such as currently the new Information Technology (IT) -
exert pressure towards increased requirements for new
systems.

In the future progress primarily will be driven by eco-
nomic aspects rather than by technological advances
alone. Within this context "affordability" is of decisive
importance. Advancing Technologies are essential for
achieving unprecedented capabilities for new systems
at affordable cost. Looking at Fig. 1 (upper left) the
yield/cost ratio is plotted against the commulative
expenses for old and new technologies (e.g. Information
Technology). Considering the general performance
potential, the transition to new technologies is manda-
tory to offer new opportunities and improved yield/cost
ratios. Autonomous unmanned tacticai systems surely
are a viable step to cope with the cost reduction chal-
lenge and to improve cost effectiveness in the future.

- TVEnicLE TRAJECTORY

2 INTELLIGENT AUTOMATION

Taking airvehicle as an example, the Unmanned
(Uninhabited) Tactical Aircraft (UTA) or the Unmanned
Combat Airvehicle (UCAV) are concepts to integrate
advanced technologies into a complete tactical airpower
system in order to enable a general purpose high
performance aircraft to perform a full range of tethal
missions without the physical presence of a pilot in the
aircraft.

Figure 2 depicts the multi-dimensional closed loop
guidance and control blockdiagram of an UTA resp.
UCAV with the remote pilot or - more general - the
operator being integrated through a bidirectional data
link. Progressing from inside out the inner stabilization
and control loop of the vehicle represents the lowest

" level of the hierarchical control structure. The next

higher level performs flight path control followed by the
mission and vehicle trajectory control as well as the
weapon control functions beeing the highest level of the
functional blockdiagram.

| CONTROL

" MISSION ©
oomoL :

‘;f,’.‘,'f'é%,ﬂ-',g’{' | VEHICLE 5TAB & CONTROL ' |

1 =
x
z
o

5 .| fIRAJECTORY
1 lcENERATION

1
() ACTUATORS] ¢ 11!
, N
: * o
: AIRCRAFT | 1 {1
i H|sensors]«{pvnamics i

VN
:
1 {IIN-FLIGHT AUTOMATIC h
E,ﬁ{? I ! 1] PLANNING L} ELIGHT MODE | === v=meemmommrmananne ; :
: 1 5 N 1 !
e I i K - ; |
Py SITUATION TRAJECTOR TACTICAL | ¢
& DATA sl .._.{ J._{ I
UPDATES 'l PWARENESS o SENSORS ovwawics | 1y

P L._ -
MISSION

SITUATION SENSORS

BATTLE

MANAGEMENT

MANAGEMENT

I

Figure 2 Cascaded airvehicle control loops

The key notions ,automation” and ,autonomy" are inti-
mately connected with advances in Information Tech-
nology. Therefore emphasis is placed on this aspect.

Automation of most, if not all, of the said functions
‘applying more or'less conventional techniques such as
algorithmic, numerical and expert system approaches
coded in software for sequentiell processing, represents
the state of the art concerning manned combat aircraft
in use today.
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As far as UTAs or UCAVs are concerned the obtainable
level and performance of automation utilizing conven-
tional techniques is not sufficient. Among others it would
require too much of externed operstor's control
intervention and hence pose very hard requirements for
the data link.
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To alleviate this problem, the objective and challenge is
to replicate the operator’s brain in the vehicle by artifi-
cial brain like information processing structures. For this
purpose computational and machine intelligence (CM)
techniques as summarized in Figure 3 and dealt with in
a little more detail under paragraph 3 and in {1} can be
applied.

Often today they are aggregated

Data under the notion of soft computing.
Analysis

With that, technologies, technigues

and methods are availaple, by means
ans | Of which the cognitive abilities of
humans for detection, classification,

identification, assessment of a situa-
tion and of objects in it as well as for
goal oriented behavior can attempted
1o be automated.

'

Figure 3: Soft-Computing/CMI and contributions
from other areas

'[TEVELD

This is accomplished by designing and implementing
corresponding artificially intelligent contro! elements,
which roughly can be classified in to the different levels
as indicated in Fig. 4.

These levels can be assigned to the functional levels of
Fig. 2 accordingly. For further details it must be referred
_to the corresponding literature such as [3].

. | UNCERTAIN SITUATIONS

SELF-IMPROVING CONTROL, PERFORMANCE MEASURE
OPTIMIZED, PLANNING FUNCTION FOR

+ Behavior oriented systems
+ Planning and decision elements
+ Endomorphic system structures

10 be

TEVELD — -

“.| SELF-IMPROVING CONTROL, PERFORMANCE
‘| MEASURE OPTIMIZED

+ Nonlinear adaptive critic
¢ Heuristic dynamic programming
+ Model refernce leamning

Enl

TEVELL

| ROBUST FEEDBACK CONTROL, ADAPTIVE,

LEARNING CONTROL
+ Neural leaming control
+ Fuzzy learning control
+ Leaming inverse control

[TEVELD

+ Backpropagation of utility

. controliéd

{ PR
Figure 4:

ROBUST FEEDBACK CONTROL
+ Neural gain scheduling ‘
+ Neural control
+ Fuzzy control

+ tmplicit control

| ul..ev‘els” 6f ihtellfgént, kndvi)iedgé-bééed cc;hfrol
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Ever increasing complexity of systems is gradually
leading to the limits of conventional and even intelligent
control. In this context a complex dynamic system is

characterized by the terms dimensionality, uncertainty

and vagueness, interconnection of many subsystems as
well as data and information explosion. To a large
extent this applies to future unmanned tactical systems.

To cope with the said limits of control and automation of
such systems, the transition to selforganizing autonomy
must be performed and ways to design, built and
operate autonomous systems must be established. The
remaindet of this paper is dealing with aspects of this
challenge.

3 AUTONOMOUS SYSTEMS

Autonomy is the ability to function as an independent
system, unit or element over an extended period of
time, performing a variety of actions necessary to
achieve predesignated objectives while responding to
stimuli produced by integrally contained sensors. The
following characteristics are therefore typical of an
autonomous, behavior-oriented system:

. An "environment" (real world) is allocated to the
system

» There is an interaction between the system and
the environment via input and output information
and possibly output actions

o The interactions of the system are concentrated on
performing tasks within the environment according
to a goal-directed behavior, with the system
adapting to changes of the environment.

The interaction of the systems with the surrounding
world can be decomposed into the following elements of
a recognize-act-cycle (or stimulus-response-cycle).

e Recognize the actual state of the world and com-
pare it with the desired state
(which corresponds to the goal of the interaction).
(MONITORING)

*  Analyse the deviations of actual and desired state.
(DIAGNOSIS)

¢  Think about actions to modify the state of the
world. (PLAN GENERATION)

. Decide the necessary actions to reach the desired
state. (PLAN SELECTION)

e  Take the necessary actions to change the state of
the world. (PLAN EXECUTION)

To perform these functions, first of-all appropriate sen-
sor and effector systems must be provided, as men-
tioned earlier. In the case of unmanned autonomous
systems information processing means must be incor-
porated that apply machine intelfigence to perform the
tasks mentioned.

At this point and in this context the following question
shall be addressed: '

What is computational, machine or more generally
artificial intelligence? in relation to the issues and topics
treated here, the following answer shall be given.

e  Systemsfunits have no artificial intelligence if a
program/software ,injects* them with what they
have to do and how they have to react to certain
pre-specified situations.

*»  Systems/units have artificial intelligence if their
.creator” has given them a structure - not only a
program - allowing them to organize themselves,
to learn and to adapt themselves to changing
situations.

Thus intelligent structures must be able to comprehend,
learn and reason.

4 ENABLING NEW INFORMATION TECH-
NOLOGY '
Paradigm shift to brainlike structures

The expected unprecedented advances in computing
based on the conventiona! architecture, where pro-

~ cessing is performed sequentially, do not yield the

power for computational and machine intelligence.

There is a paradigmatic complementary shift from sym-
bolic artificial intelligence techniques to a new para-
digm, which is inspired by modelling the conscious and

Copyright © 1999, BGT Bodenseewerk Gerstetechnik GmbH, Postfach 10 11 55, D-88641 Uberlingen




unconscious, cognitive and reflexive function of the
biological brain.

Important related computing methodologies and tech-
nologies include inter alia fuzzy logic, neuro-computing
and evolutionary and genetic algorithms as summarized
in Fig. 5.

CFUZZY LOGIC

:{ INFERENCE

2

GENETIC
ALGORITHM

REPRODUCTION

——
MATING POOL
' CROSSOVER '
1 MUTATION
Figure 5: Biologically inspired computing
technologies

Fuzzy Logic

The theory of fuzzy logic provides a mathematical
framework to capture the uncertainties associated with
human cognitive processes, such as thinking and rea-
soning. Also, it provides a mathematical morphology to
emulate certain perceptual and linguistic attributes
associated with human cognition. Fuzzy logic provides
an inference morphology that enables approximate
human reasoning capabilities for knowledge-based
systems. Fuzzy logic/fuzzy contro! has developed an
exact mathematical theory for representing and pro-
cessing fuzzy terms, data and facts which are relevant
in our conscious thinking.

A unit based on fuzzy logic represents an associator
that maps crisp spatial or spatiotemporal multi-variable
inputs to corresponding associated crisp outputs. The
knowledge which relates inputs and outputs is
expressed as fuzzy if-then rules at the form IF A THEN
B, where A and B are linguistic labels of fuzzy sets
determined by appr~priate membership functions.

K3-5

Fuzzy rule based systems enable endomorphic real
world modelling. With this technology human behavior
can be emulated in particular as far as reasoning and
decision making and control is concerned taking into
account the pervasive imprecision of the real world.
Fuzzy logic strongly supports realistic modelling and
treatment of reality.

Artificial Neural Networks (ANN)

Neural Networks are derived from the idea of imitating
brain cells in silicon and .interconnecting them to form
networks with self-organization capability and learnabil-
ity. They are modeled on the structures of the uncon-
scious mind.

Neurocomputing is a fundamentally new kind of infor-
mation processing. In contrast to programmed compu-
ting, in the application of neural networks the solution is
learnt by the network by mapping the mathematical
functional relations. Neural networks are information
processing structures composed of simple processor
elements (PE) and networked with each other via unidi-
rectional connections. The "knowledge” is contained in
the variable interconnection weights. They are adjusted
during a learning or training phase and continue to be
adapted during operational use. With this capability the
ANN represents an associator (like a fuzzy logic unit)
that maps spatial or spatio-temporal multi-variable
inputs to corresponding associated outputs. However, in
contrast to a fuzzy-rule-based system the mapping
function is learnt by the ANN. Neural Networks are
capable of acquiring, encoding, representing, storing,
processing and recalling knowledge. These are impor-
tant prerequisites for endomorphic rea! world modelling.

Genetic and Evolutionary Algorithms

Genetic and evolutionary algorithms represent optimi-
zation and machine learning techniques, which initially
were inspired by the processes of naturat selection and
evolutionary genetics.

To apply a genetic algorithm (GA) potential solutions
are to be coded as strings on chromosomes. The GA is
populated with not just one but a population of solu-
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tions, i.e. GA search from a population of points rather
than from a single point. By repeated iterations a
simulated evolution occurs and the population of solu-
tions improves, until a satisfactory result is obtained.
This is accomplished by iteratively applying the genetic
operators reproduction, crossover and mutation.

Computer simulation is a viable tool to optimize behav-
ior oriented systems by utilizing genetic or evolutionary
techniques. Ever increasing processing speed enables
the quick motion representation of events and pro-
cesses, for which nature requires millions of years.

heavily on experience rather than on the ability of
experts to describe the dynamic, uncertain world
perfectly. This is accomplished by consideration of the
tolerances for imprecision, uncertainty and partial truth
to achieve tractable, robust and low cost solutions for
complex problems. Thus, these techniques in con-
junction with appropriate system architectures provide
the basis for creating behavior-oriented autonomous
systems.

AUTONOMOUS
SYSTEM

Hierarchical
Aschitecture

Program to cover a
sufficiently large numbar
of expectad reakworld
situations Including
the relaled systems
responses

OLD VIEW

Figure 6: Top-down vs. bottom-up approach

Conclusions

It was shown that fuzzy and antificial neural network
techniques enable the endomorphic modelling of real
world objects and scenarios. Together with conventional
algorithmic processing, classical expert systems,
probabilistic reasoning techniques and evolving chaos-
theoretic approaches they enable the implementation of
recognize-act cycle functions as mentioned. Genetic
and evolutionary algorithms can be applied to generate
and optimize appropriate structures andfor parameters
to acquire, encode, represent, store, process and recall
knowledge. This yields self-learning control structures
for dynamical scenarios that evolve, learn from expe-
rience and improve automatically in uncertain environ-
ment. ldeally, they can be mechanized by a synergetic
complementary integration of fuzzy, neuro and genetic
techniques. These techniques support the move
towards adaptive knowledge based systems which rely

Emergent systems
behavior through the
coopetative parformance
of a number of lsamning,
adaptive agents with
simple action patterns

SOLUTION

5 CONCEPTUAL IDEAS

System architectures

The viable architecture must represent the organization
of the systems intelligence and capability to behave, to
learn, to adapt and to reconfigure in reaction to new
situations in order to perform in accordance with its
functionalities. Based on fundamentally different phi-
losophies regarding the organisation of intelligence, two
different architectures can be basically considered (Fig.
6). With the well known top-down approach as preva-
lently used to date a hierarchically functional archi-
tecture results. It structures the system in a series of
levels or layers following the concept of increasing
precision with decreasing intelligence when going from
top to bottom. Implementation is characterized by the
fact that for as many contingencies as possible the
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allocated system behavior is fixed in top-down pro-
gramming. In fact, the real world is so complex, impre-
cise and unpredictable that the direct top-down pro-
gramming of behavioral functions soon becomes very
difficult if almost not impossible.
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is depicted in Fig 7. The objective is to implement as

_many simple agents as possible with the associated

behavior pattemn, which then make the system act in a
flexible, robust and goal-oriented manner in its envi-
ronment through their additively complementary inter-
action. To enable the generation of emergent characte-
ristics it must be ensured that the agents can influence
each other mutually. Emergent functionality is one of
the major fields of research dedicated to behavior-ori-
ented systems.

AGENTS

SENSOR | - PERCEPTION,
“DATA SITUATION

; N PLANNING
FUSION i | ~ ASSESSMENT "

------- PILOTING | THREAT

COMMUNL
CATION

Figure7: System representation by agents

Considerably different from the hierarchical structure is
the subsumption architecture. It is based upon building
functionality and complexity from a number of simple,
parallel, elemental behaviors. It is sometimes called the
behaviorist architecture and is based on a buttom-up
approach. In this approach, so-called agents are
implemented with the most simple action and behavior
patterns poséible so that the resulting emergent system
behavior corresponds to the desired global objective.
The system is able to adapt itself to changing situations
in the environment by leaming. The specific local intelli-
gence of the individual agents generates a global intel-
ligent behavior of the integrated overall system. Multi-
agent systems are complex and hard to specify in their
behavior. Therefore there is the need to endow these
systems with the ability to adapt and learn. This can be
acomplished by the application of the technologies
mentioned before.

A simplified block diagram of an autonomous system
based on such a concept of cooperative Al/KB-Agents,

Intelligent hardware/software agents will fuse sensor
information, monitor critical variables, generate optimi-
zed plans, alert operators through communication to
problems as they arise and recommend optimized
solutions in real time. Response agents capture basic
data, communication (forecast and other information)
and apply optimization technology to generate new
plans based on changed conditions and states.

Design Considerations

Like in Engineering, it is also an indispensable prere-
quisite for an autonomous system that it is designed,
constructed and trained according to a strict methodical
approach. Fig. 8 shows such an approach in a very
simplified form from today's technological point of view

[4].
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Design, implementation,
Vertfication EVOLVING
SYSTEM
1 WW'H VALIDATION
Figure 8:  Engineering of the autonomous system

It starts with the description of the physical system, its
application, the initial environment, and the behavior
requirements, with the latter being usually informally
stated in natural language. The following behavior
analysis is one of the major tasks. This step involves
the decomposition of the target behavior in simple
behavioral components and their interaction. Part of the
specification is the architecture of the intelligent control
system. It is the second key point during the engineer-
ing process. With the specification all information is
available to design, implement and verify a nascent
system, which is endowed with all its hardware and
software components, however, prior to any training.

Based on a suitable training strategy the system
acquires its knowledge during a training phase which is
mandatory and prerequisite for appropriate behavior of
the system. Training can usually be speeded up apply-
ing simulation including virtual reality. Within this con-
text environments can be used that are much more
changeable than the real ones.

After completion of training the behavior is assessed
with respect to correctness (target behavior), robust-
ness (target behavior vis-a-vis changing environment)
and adaptiveness. Based on this assessment, further
iterations during the engineering steps might become
necessary in order to make the satisfactorily behaving
system evolve from them in a step by step sense.

Implementation issues

Implementation issues like

. hardware for computational and machine intelli-

gence
. software  technology, software  generation
techniques '
. autonomous control technology
»  autonomous planning and routing
. integrated system structures and functions

. adaptive autonomy management

could not be treated here. It is referred to the Literature,
e.g. [5].

6 EMERGENCE OF AUTONOMOUS
SYSTEMS

The critical technologies, such as the new paradigm
information and control technologies are indeed highly
developed activities, however still mainly in universities
and industry R.a.D. branches. Thus a time interval of 10
to 20 years is likely to elapse, until applications can be
expected within systems as treated here.

Beyond the enabling technologies further technical
issues such as
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s  maturity assessment

. system concepts

s  critical experiments

+  validation, certification techniques
o future research focus

shall be emphasized, because they critically influence
the emergence of autonomous systems. Stepping back
to the first chapter and recalling the interdependence of
the Requirements Pull and the Technology Push it is of
paramount importance for research planners to identify
applications and requirements indicating the indispens-
able need for such systems and their capabilities. In this
context the Uninhabited Tactical Aircraft (UTA) concept
of variable autonomy currently under investigation,
offers an ideal platform to perform critical experiments
for the evaluation, validation and possibly certification of
techniques and technologies.

Autonomous unmanned systems will be designed such
that they offer fully autonomous operation. However,
provisions will be incorporated allowing a human to
monitor the system’s operation and to intervene if
required.

7 FINAL REMARKS

Complexity is a central problem in advanced system
theory and engineering. The concept of building a high
performance system around a central computer with
top-down programming has long become obsolete. Well
organized complexity with distributed CMI as briefly
treated here is the way of the future.

Significant changes are currently taking place in the
new information technology (IT) and other technological
areas as far as functional capabilities, performance,
characteristics and cost are concerned. These changes
will support the new way and influence the users of
related technologies and the supporting industries as
well as their technical and organisational structures.
Organizational structures have always reflected system
structures. The rate of change and related realizations
will exceed normal evolution and will have great social
impacts accompanying the technological and functional
advances. Instead of spin-offs considerable spin-in

K39

effects from commercial research and industry will
impact military applications. Simultaneously a global
availability of commercial High-Tech must be assumed.

In order to accommodate all this, the strategies of users
and industry must be adapted accordingly. Looking at
the interdependence of requirements, technologies,
procurement processes and time behavior, 10 years is
a short period.

WE MUST BEGIN NOW!
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TECHNICAL EVALUATION REPORT:

AIRCRAFT UPDATE PROGRAMMES. -
THE ECONOMICAL ALTERNATIVE?

By

Dr. Leland M. Nicolai
Chief Engineer, Advanced Development Projects
Lockheed Martin Skunk Works
Dept. 72-12, Bldg. 602
1011 Lockheed Way
Palmdale, California 93599
USA

INTRODUCTION

This SCI Symposium on Aircraft Update Programmes asked a very important and timely question, “Are
Update Programmes the Economical Alternative?” The alternative , of course, being a new system
development program (such as the Eurofighter or F-22) or replacement program (such as buying new F-
16s or C-130s). The reason that this topic is so important and timely is that all NATO members are facing
(1) decreasing military budgets, (2) increasing diversity of the threat and (3) all systems are ageing and
becoming obsolete. Even though the USSR has become dismembered and no longer poses a single global
threat, the regional conflicts and terrorists activities poses a more demanding diverse threat The NATO
members are expected to meet this diverse threat with ageing systems and decreasing military budgets.

The symposium was broken into five sessions:
1. Overview and Lessons Learned (Part I)
2. Cockpit
3. Sensors
4. Engine
5. Overview and Lessons Learned (Part I1)

The options for the NATO members are the development of a new system, replacement with a new off-

the-shelf (OTS) system or the upgrade of the existing system. The upgrade of the existing system can be in
the form of: :

1. Structural life extension program (SLEP)

2. New engines

3. New avionics

4. New weapons
The symposium addressed the first three but ignored the very important consideration of new weapons. A
new weapon can breathe new life into an otherwise obsolete platform. For example, the stand-off cruise
missiles currently in development (US JASSM, UK Storm Shadow and the German Taurus) will provide
hard target kills without the launch aircraft having to penetrate a heavily defended area.’

The decision to pursue a new system development, replace with a new system or upgrade an existing
system must consider several facters. One very important consideration is that the development of a new
system will cost (non-recurring plus recurring) at least ten times the cost of an upgrade program. Even the
recurring cost of replacement with a new OTS system will be more (typically a factor of five) than the
upgrade of an existing system since the existing system is a sunk cost. A NATO member must do a very
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careful and thorough cost-benefit study before embarking on a new system development program as the
risk is high and the cost is great. A critical part of the cost-benefit study is to establish what has rendered
the current system obsolete. Is the obsolescence due to (1) new applications, mission or requirements, (2)
changing threat, (3) system becoming too expensive to operate, or (4) is the current system just worn out?
If the decision of the cost-benefit analysis is to upgrade the existing system there needs to be 10-15 years of
airframe life remaining after the the upgrade.

The current situation in NATO is that there are a few new system replacement programs, fewer still new
system development programs but many upgrade programs. The symposium audience heard from many of
the upgrade programs.

OVERVIEW AND LESSONS LEARNED

Paper #1 by Andrew Kerr (NASA Ames Research Center, Moffett Field, Ca) offered some interesting
perspectives on rotorcraft technologies. He pointed out that the technologies for rotorcraft are different than
for fixed wing aircraft due to the unsteady and unsymmetrical loadings. He offered a process for deciding
between a new system versus an upgrade program, and emphasized that the principle parameter will be
cost. The trend for helicopters is that the engine will be upgraded at least once during the aircrafts lifetime. -
The technology community is making great strides in structures/materlals with the potentxal for
s:gmﬁcantly improved rotorcraft systems.

Mr. G. LeBretton (Thomson-CSF, France) made an interesting observation on upgrading fighter aircraft in
Paper #7. Mr LeBretton observed that the following fighter operational needs, can all be met with
upgrades to existing fighters:

' Improved range

Multirole capability

Decreased attrition (improved survivability)

Decreased collateral damage (improved accuracy)

Day/night and all weather operation

No friendly kills (improved 1IFF)

Thus, why pay 4 to S times more for a new aircraft replacement when the existing fighter fleet can be
retrofitted to meet the needs. The author hastens to point out that the fighter upgrade will serve for an
additional 12 to 15 years and not the 30 years of a new fighter. This observation is endorsed by the
electronics manufacturers who have made avionics upgrades a profitable line-of-business. However, this
observation is not in the best interest of the aircraft manufacturers who spend considerable budget to
convince their military that the right answer is a new fighter aircraft development.

MR e

Paper #13 by E.C. Vaught and L.B. Giles (Bell Helicopter Textron, Ft. Worth, Tx) discussed a systems
engineering process for developing a strategy for long-term systems and technology advancement. The
paper argued that ground based systems integration solutions must supplant aircraft testing to the maximum
extent possible in order to accommodate rapid and economical test results without expending valuable
aircraft time. In addition, training for pilots, crews, and maintainers must move to improved ground training
systems, such as full flight simulation trainers and non-motion cockpit trainers.

The integration of defensive aids was the topic of Paper #14 by Dr. Philip Zanker (DERA, Farnborough,
UK). He presented a three layered approach to survivability: (1) threat avoidance — route around threats to
avoid detection, (2) minimize danger by confusing or suppressing the enemy, and (3) close-in defense by
immediate threat warning and terminal countermeasures. The key to self protection is situational
awareness. There are four levels integration for the defensive aids:
1. Basic mechanical and electrical — the integration of separate subsystems, each complete with
its own set of displays and controls. (least expensive)
2. Integrated Defensive aids suite (IDAS) — integrated within itself with a common means of
display and control. .
3. IDAS with avionics integration — integration into existing cockpit displays and controls, and
weapons and databases
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4. DAS within a federated or integrated modular avionic architecture — the defensive aids
become an intimate part of the flight avionics suite. (most expensive)

The customer specification will drive the desired level of integration but cost will determine the achieved
level.

Paper #15 by Christian Dedieu-Eric Loffler (SAGEM SA) presented an already fielded implementation of
an avionics upgrade package developed to offer a modular solution to a wide range of modern operational
requirements. The SAGEM SA upgrade concept allows one to match specifications ranging from basics
performance enhancement, such as high accuracy navigation for low level flight, up to full multi-role
capability with sophisticated air-to-surface weapon delivery and multi-target air-to-air fire control.

UPGRADE PROGRAMS

UH-1/AH-1 Upgrade to the UH-1Y/AH-1Z For the USN/USMC

Three papers from the US addressed the upgrade programs for the USN/USMC UH-1 Huey and AH-1
Cobra helicopters. The Keynote Address by Capt J.T. Curtis USN (Program executive Office, AIR ASW
Assault & Special Mission Program), Paper #2 by Alan W. Myers (Technical Director, H-1 Upgrade, Bell
Helicopter Textron) and Major Paul Davidovich UCMC (Class Desk, H-1 Upgrade), and Paper #12 by
J.A. Dowell (Litton Guidance and Control systems) discussed the structural, propulsion and avionics
upgrades to 180 AH-1 and 100 UH-1 helicopters.

Capt. Curtis pointed out that the USN and USMC plan to reduce their VTOL fleet to the CH-53E, V-22 and
the AH-1Z/UH-1Y over the period 2000-2020. Currently the Huey and Cobra are about 20 percent
common. The goal of the upgrade program is to increase the commonality to 85 percent. The upgrade
program will triple the radius of the AH-1Z with 8 Hellfire missiles. The UH-1Y radius will increase to 133
nm from almost zero for the UH-1 with 8 troops, 4 aircrew and 30 minutes time-on-station.

The improvements to the Cobra helicopter include a new tailrotor and gearbox, electrical system, weapons
pylons, hydraulic system, landing gear, crashworthy crew seats, main rotor and transmission, integrated
glass cockpit and targeting sight system. In addition, the Cobra has received new GE-T700-401 engines and
IR suppressor, airframe mods to provide for increased weight, more survivability and a 10,000 hour fatigue
life, an APU and increased fuel capacity for more range. Similarly the Huey has received most of the
Cobra improvements plus a 21 inch fuselage stretch into new primary structure. The contract award for the

H-1 Upgrade Program was in early FY 1996 and the schedule shows low rate initial production in 2002 for
the AH-1Z and 2003 for the UH-1Y.

Helicopter Modernization With Advanced Engines

Paper #18 by Fred Dickens (Rolis-Royce Allison, Indianapolis, In USA) discusses the modernization of
current helicopters with engine upgrades. He discusses the re-engine programs for the CH-47 Chinook,
OH-58 Kiowa, UH-60 Blackhawk, AH-64 Apache, and Westland Lynx, but spends most of the paper on
the US Army UH-1H. The US Army’s UH-1H was a good candidate for an engine upgrade since it had
substantial airframe life out to 2025. Replacing the T 53 engine in the UH-1H with the T 800 (developed
for the US Army RAH-66 Comanche) improves the mission endurance by 50 percent and the range or
payload by 58 or 47 percent respectively. Because of the improved RM&S of the T 800 engine, an operator
will be able to recover the cost of the re-engining through the savings realized from as few as two T 53
overhauls. The paper also discusses the factors involved in deciding between replacement or upgrade.
Replacements are appropriate when the mission need-and capability of the replacement is so compelling
that upgrades to the existing system are simply cost prohibitive. A decision to extend the life of a system
with an upgrade program is appropriate when the mission has remained relatively unchanged and
technology is available to directly enhance mission effectiveness.
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F-16 A/B Mid-Life Update (MLU) Program

Paper #3 by V.L. Denena (Lockheed Martin Tactical Aircraft Systems Co., Ft. Worth, Texas) addressed
the cockpit and avionics upgrade of 360 F-16 A/Bs in the US, Belgium, Norway, Netherlands and
Denmark. This MLU Update Program involved a kit development and in-country production effort
currently extending from 1990 through 2003. The kits are for block 1/5/10/15 aircraft but could be adapted
for block 25/30/40 aircraft. The cockpit upgrades include a WAC HUD, up-front controls, two CMFDs,
side-stick throttle, NVG compatible, night operations capable and CCTVS/CAVTR. The avionics upgrades
are a digital terrain system, GPS, electronic warfare management system, advanced IFF, APG-66(V)2
radar, improved data modem, modular mission computer and inlet hard points for a FLIR pod or target pod.
The depot modification requires complete depaneling of aircraft and teardown of crew station and avionics
equipment bays. Approximately six months and 2500-4000 manhours (depending on block number) are
required to perform the work. The modification work is well underway and on schedule with approximately
75 aircraft modified to date. The cost/benefit study conducted in the late 1980s concluded that the MLU
program cost was substantially less than a new aircraft.

The Tornado IDS Mid-Life Upgrade Programmes

Paper #4 by T. Watkins (British Aerospace) and Paper #6 by D. Hoffman (Daimler-Benz Aerospace,
DASA) addressed the upgrade of the Tornado (Interdicter Strike) with modern avionics. One hundred and
forty two British GR-1s are being reconfigured into the GR-4 with the introduction of the following new
avionics equipment:

1. New sensors and displays consisting of a FLIR, multi-function displays with digital map,
wide-angle HUD, computer symbol generator, video recording system and a computer
loading system

2. New armament control system consisting of a stores management system, a weapon interface
unit linked to a 1553 databus within a 1760 interface

3. Night vision goggle compatible cockpit

4. Terrain reference navigation/terrain following display/terrain fo]lowmg switching and logic
unit/covert radar altimeter _

The development work was completed in1998 with production mods scheduled through 2003.

The German Tornado MLU is a two phase program. Phase I scheduled for the year 2000 includes:
1. Enhanced main computer with a new Ada software (ASSTA) and a digital weapon bus
2. Integration of GPS and a laser INS into the navigation system -
3. Integration of the GBU 22 and 24 LGBs and the Harm 111

Phase 11, scheduled for 2004, includes:

Integration of colored L.CD displays, a digital map, and new EW warning indicators

Integration of the new stand-off cruise missile Taurus

Integration of an improved radar warning receiver

Integration of an enhanced Tornado nose radar

Provision for a radar reconnaissance pod

I

Mirage 2000 Mid-Life Upgrade Programme

Paper #5 by Alain Picard and Laurent Madon (Dassault Aviation) presented the MLU program for the
Mirage 2000. The aircraft airframe life is estimated to last through 2020, thus an avionics upgrade offered a
cost effective modernization plan. The MLU program will comply with the following criteria:
1. Replace current sensors with state-of-the-art modern sensors with up to date operational
performance
2. Replace the current WNDS core system with an open system based on modular avionics
architecture allowing, in particular, to separate application software and hardware.




TA-S

3. Replace the current cockpit with a modemn glass cockpit taking benefit of the numerous
. -advantages of the man-machine interface fitted on the Mirage 2000-5.
The target of this mid-life update is to obtain a more modern Mirage 2000 at 80 percent of the cost of a
Mirage 2000-5.

Aircraft Life Extensioﬁ — CC-130 Hercules Avionics Update

Paper #10 by Major Chris Daley (Canadian National Defence Headquarters, Ottawa, Canada) presented
the avionics update program for their Hercules transports. The Canadian CC-130 transports had their
structural life extended beyond 2010 by earlier SLEP programs, so that an avionics upgrade was a very
cost-effective solution for modernization. The CC-130 fleet of 32 aircraft is composed of six different
Hercules models, each equipped with a different avionics configuration. It was estimated that the avionics
systems would become unsupportable or obsolete by 2010. It was considered essential from an operational
and economic standpoint that all aircraft receive a standard and updated avionics suite. The paper presented
an excellent discussion of the process and results of the Canadian Department of National Defence cost-
benefit analysis. The 32 aircraft have been modified for about $40M (Canadian) in non-recurring and $3M
per aircraft.

" Cockpit Upgrade For the G222 to C-27J

Paper #11 by Gianluca Evangelisti and Maurizio Spinoni (Alenia Aerospace) described the cockpit
modification to the Italian G222 tactical transport to develop the C-27]. The C-27A was a joint
development by Alenia and Lockheed Martin building on the rugged G222 design and incorporating new
avionics, propulsion and general subsystems. The cockpit upgrades, developed for the C-130J, were
incorporated into the C-27A to produce the C-27J. The paper presents a description of the main cockpit
features and the process used to select a cockpit configuration that allows optimized.operational
capabilities while reducing overall development costs.

MH-53J Service Life Extension Program

Paper #23 by Charles Crawford (Georgia Tech Research Institute) and Col. Henry Mason (USAF, Director
of SOF System Program Office, Warner Robins AFB, Ga) presented a summary of the air vehicle
modifications (largely structural) that were made and the airworthiness qualification flight test program that
was conducted to increase the operational gross weight and enhance the structural integrity of the CH-531J.
The impact on both vibration and dynamic component retirement times are discussed. The paper includes
both technical and cost information to support the cost- benefit analysis for the modernization program.
The SLEP was completed in 1990 and increased the helicopters life past 2000 towards the V-22 10C. The
program non-recurring cost was approximately $40M (US) with a unit recurring cost of $2.4M for 41
aircraft.

Canadian CF-188 and CP-140 Service Life Extension Programs

Major Normand Landry (Canadian National Defence Headquarters, Ottawa, Canada) presented a very nice
analysis for the selection of SLEP for their CF-188 and CP-140 fleets in Paper #24. Canada has decided to
perform a structural and systems upgrade on their CF-188 and CP-140 aircraft. These upgrades will allow -
the aircraft to meet their operational requirements until the first quarter of the next century. The choice for
this course of action was based upon option analysis studies. This paper presents the approach taken and
the assumptions made for the various option packages studied to reach that conclusion. Avionics packages
are readily available OTS and in most cases the decision is based mostly on structura! limitations.
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Transall C-160 Life extension and Avionics Upgrade Programs

Paper #26 by P. Blumschein (Daimler Chrysler Aerospace) discussed the structural life extension and
avionics upgrade programs for the German Transall C-160 transport. Starting in 1984, the C-160 has
undergone several structural life extension programs: (1) cold working in the wing area, (2) reinforcement
of the wing area, and (3) prevention and corrective measures on the entire airframe. These efforts have
extended the airframe life of the aircraft from the original estimate of 1990 to at least 2010. Starting in
1987 an avionics upgrade program has been ongoing continuously to the present. This program has
replaced obsolete and hard to support equipment with more modern avionics. A self defense system was

~ installed from 1992 to 1999 consisting of radar warning, chaff/flare dispenser, missile approach warning
system and an electronic warfare management system. According to the present planning, the C-160 will be
in service to 2018. Since the aircraft first entered service in 1967, this is an average service life of more
than 50 years. For this aircraft the cost of the upgrade programs is less than 20 percent of a new aircraft
purchase. Thus, the upgrade programs are indeed a cost-effective alternative for the Transall C-160.

USAF Bomber Upgrade Program

During the panel discussion, information about the USAF bomber road map was presented. The USAF has
concluded that they will need a new long range, large payload, rapid response bomber by 2037. This means
that the 76 B-52s, 93 B-1s and 21 B-2s will need to provide the bomber fleet mission until that date. It
should be noted that the year 2037 would mean approximately 80 years of service for the B-52. The
aircraft, for the most part, have the airframe life to extend to 2037. However, the USAF will embark on a
three phase upgrade program, mostly modern avionics, displays and defensive aids. The USAF has
programmed $2.3B (US) for a three phase upgrade plan:

1. $923M in 2000 to 2010

2. $678 M in 2006 to 2015

3. $685M in 2015 to 2025
All three aircraft will be given precision, stand-off capability with the integration of the US JSOW and
JASSM weapons. A new bomber development program would be initiated no later than 2013.

SUMMARY AND OBSERVATIONS

With regard to the original symposium question, “Are aircraft update programmes the economical
alternative?”, the answer is a resounding YES. With a new aircraft development program costing at least a
factor of 10 more than an upgrade program, it is difficult to make a case for a new aircraft development.
Oft time the new aircraft program is driven by national pride and pressure from the prime aerospace
companies, rather than the evidence from an honest and thorough cost-benefit study. Even replacing the -
existing aircraft with new off-the-shelf aircraft will cost a factor of 5 or more than upgrading the existing
aircraft. The shortcoming with upgrading an existing aircraft is that its useful life is extended another
perhaps 20 years at most, whereas a new aircraft would give double the life.

The symposium did not address upgrading an existing aircraft with a new weapon. This important upgrade
option would make a good follow-on symposium.

Several of the papers were pure sales pitches for supplier products. Symposia such as this one are not the
forums for marketing presentations. '
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THE H-1 UPGRADE PROGRAM: AFFORDABLE WAR FIGHTING
CAPABILITY FOR THE U.S. MARINES

Alan W. Myers
Technical Director, H~1 Upgrade Program
Bell Helicopter Textron, Inc.
P. O. Box 482
Fort Worth, Texas 76101 USA

ABSTRACT

In late 1996, Bell Helicopter Textron Inc. was awarded a
contract from the United States Marine Corps for the H-
1 Upgrade Program. The program award was preceded
by studies of all aircraft and approaches available to pro-
vide helicopter war fighting capability for the Marine Air
Ground Task Force through the first quarter of the 21st
century and beyond. Upgrades were defined for both the
UH-IN utility helicopter and the AH-1W attack heli-
copter to integrate the following enhancements:

& Improved mission capability

o Increased performance and maneuverability
¢ Additional survivability features

» Reduced pilot workload

» Potential for growth

These enhancements give the Marine Corps the equiva-
lent of new, state-of-the-art, zero-time aircraft, with
10,000-hour service lives.

Total ownership cost affordability was, of course, a ma-
jor requirement. Commonality, improvements in reli-
ability and maintainability, the use of COTS/NDI
equipment, and the reuse of existing equipment were
encouraged to enhance squadron operability and sup-
portability and help reduce recurring and O&S costs.
Cost As An Independent Variable (CAIV) studies were
also required to continuously evaluate potential! cost re-
duction elements in trade against program and technical
requirements.

Bell and NAVAIR formed Integrated Product Teams
(IPT) with representatives from all functiona! disciplines,
to improve communication and to ensure the configura-
tion designs were not only adequate technically but were
also cost-effective to manufacture and to operate and
support in the fleet. This IPT process has been instru-
mental in improving the contractor/customer approval
process during design reviews.

Copyright © 1999 by Bell Helicopter Textron Inc. All
rights reserved. Published by RTA/NATO with permis-
sion.

Maj. Paul Davidovich, USMC
Class Desk, H-1 Upgrade Program
Naval Air Systems Command Headquarters
47123 Buse Rd Unit #IPT, Room 150.0
Patuxent River, Maryland 20670-1547 USA

This paper summarizes the H-1 Upgrade Program. The
Marine Corps modernization plan is described and the
role of the H-1 is defined. The resulting configurations
are described, as is the process of optimizing configura-
tion details within program constraints.

INTRODUCTION

The cumrent U.S. Marine Corps (USMC) utility
helicopter, the UH-IN Huey, was fielded initially in
1970. The versatile Huey has been modified over the
years with added systems that have increased its roles
and mission utility, as summarized in Fig. 1. These
modifications have also resulted in weight increases that
have adversely impacted its payload and power-available

UH-IN “HUEY”
Airframe: Bell Helicopter
Engines: T400-PW-400

105 Aircraft Inventory
Last Produced 1979

Mission Tasks

e Airbome command & control
s Combat assault support

e Control of supporting arms

e Special operations support

e Search & rescue augmentation
¢ Medical evacuation

e Shipboard & austere base ops
o Night & adverse weather ops
* Visual reconnaissance

Fig. 1. Marine light helicopter today, the UH-1N

Paper presented at the RTO SCI Symposium on “Aircraft Update Programmes. The Economical Alternative?”,
held in Ankara, Turkey, 26-28 April 1999 and published in RTO MP-44.
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margin. Additionally, the fielded aircraft are
approaching the end of their service life, and have
become an increasing logistic and maintenance burden to
the fleet.

The AH-1W Super Cobra, the current USMC attack
helicopter, was initially fielded in 1986. The AH-1W is
a modification of the AH-IT that incorporated the GE-
T700-401 engines. Like the Huey, the Cobra has been

upgraded incrementally with advanced avionics and -

weapons systems to maintain a viable capability against
evolving threats. These sequential upgrades, without
optimal integration, have come at the cost of increased
aircrew workload that impacts mission effectiveness.
Mission tasks are shown in Fig. 2.

The Marine Corps attack and utility helicopters are
uniquely consolidated into the same squadron for train-
ing, maintenance, and deployment. Over the years, the
divergence of the AH-1W and UH-IN configurations
has resulted in increased support costs for maintenance,

AH-1W “SUPER COBRA”
Airframe: Bell Helicopter
Engines: T700-GE-401
201 Aircraft Inventory
Final Deliveries 1998

Mission Tasks

Transport helo support

Ground force fire support
Control of supporting arms
Search & rescue augmentation
Visual & armed reconnaissance
Shipboard & austere base ops
Night & adverse weather ops
Anti-armor operations
Anti-helicopter operations
Enemy fixed wing defense

Fig. 2. Marine attack helicopter today, the AH-1W.

training requirements, procurement of spares, support
equipment, and publications. Therefore, the Marine
Corps desired an upgrade approach that would increase
commonality between the aircraft.

In addition to correcting existing deficiencies to the cur-
rent aircraft, the Marinc Corps recognized the need to
modernize their attack and utility helicopters to mest
emerging and future mission needs. These requirements
include

» Operations at greater ranges and with larger pay-
loads.

o Command, control, and communications inter-
operability.

o Expanded night and reduced visibility operations.
e Improved targeting sensors and weapons.
e Survivability enhancements.

A high degree of growth potential was desired that would
allow efficient reaction to rapidly evolving future threats,
technologies, and mission requirements.

This modernization would occur in a period of austere
budgets driven by simultancous modernization of multi-
ple major weapon systems. A series of trade studies
were conducted to determine the most cost-effective way
to provide utility and attack helicopter warfighting capa-
bility for the Marine Air Ground Task Force through the
first quarter of the 21st Century. In Jate 1996, as a result
of these trade studies, Bell Helicopter was awarded a
contract for the H-1 Upgrade Program, which will
remanufacture the AH-1W and UH-IN into the AH-1Z
and UH-1Y. The Upgrade Program is a part of the Ma-
rine's “neckdown plan” for VTOL aircraft, as shown in
Fig. 3. This paper describes the H-1 Program with em-
phasis on the team approach and metrics, the resulting
configurations, and the improved mission effectiveness
of the aircraft.

REQUIREMENTS

To ensure that the design of the aircraft addressed current
operational shortfalls, the team of government and con-
tractor personnel reviewed all identified deficiencies
from past developmental and operational testing and
from 20 years of fleet experience. In addition, to maxi-
mize reliability and maintainability in the new design,
the team analyzed major maintenance and logistic cost
drivers. The analyses included reviewing current mis-
sion readiness degraders, maintenance man-hour drivers,
and logistic action chits. Site interviews were also con-
ducted at all levels of maintenance-—organizational
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Fig. 3. The USMC VTOL neckdown plan.

through depot—to identify other unreported areas of
concern.

Total ownership cost affordability was, of course, a ma-
jor design driver. Maximum commonality between the
aircraft and other DOD assets, combined with improve-
ments in reliability and maintainability, were required to
reduce recurring costs, qualification and flyaway costs,
and all operating and support costs. Commonality was
not limited solely to the aircraft components, but also
included spares, maintenance, training, support equip-
ment, and publications. The use of commercial off-the-
shelfinondevelopmental items (COTS/NDI) equipment
and reuse of existing equipment were also encouraged, to
reduce costs.

In addition to the more obvious operational capability
enhancements, the design tcams had to be cognizant of
the other factors that make the aircraft deployable “in
every clime and place.” Design specifications were pro-
vided that defined the Marine shipboard and ground op-
erating environments, namely:

¢ Material and manufacturing techniques to resist the
harsh and corrosive environment.

* Hardening of avionics and electrical distribution
systems to operate in the electromagnetic environ-
ment.

» Additional structure to react high sink-rate landings.

¢ Tiedowns for extreme winds and ship motions.

# Minimum space required for aircraft, support
equipment, and spares stowage.

¢ Extreme operating temperature range from —65°F
through +125°F.

 Survivable occupied space when subjected to accel-
erations of 20g longitudinal, 20g vertical or 10g lat-
eral.

e Crash-attenuating crew and troop seating.

# Redundant load paths, with damage and flaw toler-
ant structural design criteria to ensure safe opera-
tions.

» Extension of dynamic component lives to 10,000
flight hours, and gearboxes with a design objective
of 5,000 hours between overhauls.

In addition, the Marines required heavy emphasis on
design concepts to minimize intermediate level mainte-
nance with a desire for either unit level (O) or original
equipment manufacturer (OEM) repairs.

With these requirements, the Bell/NAVAIR/Marine
Corps teams began the design process.

THE DESIGN PROCESS

Bell, thc Naval Air Systems Command (NAVAIR), and
the Marines recognized the advantages of working in
Integrated Product Teams (IPT), and all entities had
previous experience using such teams. Recent
experience included the Bell/Boeing V-22 program. To
manage the H-1 Upgrades program, an organization was
defined (Fig. 4) using the Program’s work breakdown
structure elements (WBSE). A Core Team, with
members from Engineering (the authors), Program
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Fig. 4, H-1 upgrade program team organization.

Management, Operations (Tooling and Manufacturing),
Materie! (including Procurement), and Logistics was
given the responsibility to execute the Program within
budget and Statement of Work constraints. Major
subcontractors also participated on the Core Team.

The next level of management was the Analysis and In-
tegration (A&I) Teams, which were responsible for sev-
eral IPT elements and were organized in the same man-
ner as the Core Team, with representatives from all
functional disciplines.

The Integrated Product Teams were responsible for the
discrete “Products” of the H-1 configurations. Although
the accounting for the two helicopter configurations was
kept separate for tracking purposes, the IPTs generally
had responsibility for both aircraft (the Airframe IPT had
both the AH~1Z and UH-1Y airframes, for example).
Technical leaders from Bell, NAVAIR, and the Marinc
Corps were resident as JPT members with responsibili-
ties initially for defining requirements and then for cre-
ating design concepts to satisfy these requirements. The
Marine Corps had Resident Integrated Logistics Support
Detachment (RILSD) members who brought fleet expe-
rience to the design process.

The IPT process is illustrated in Fig. 5, with many
factors that had to be balanced to provide the optimum

solution.  The IPTs developed cost, weight, and
reliability and maintainability goals to support program
requirements; thesc goals, together with budget and
schedule constraints, were used to help balance the
design through trade studies.

The Marines encouraged the use of the Cost As An
Independent Variable (CAIV) process during design
trades and interactions, where the IPTs could address any
variable—configuration or program—to keep costs
down. Through Critical Design Review (CDR), nearly
250 of these studies had been conducted and 57 were
incorporated, saving over $800,000 in aircraft recurring
costs.

. Technical Interchange Meetings (TIM) were used and

found to be very beneficial in encouraging communica-
tion between all IPT members. These TIMs were held
frequently, as shown in Fig. 6. The success of the proc-
ess is summarized in Table 1, where the program techni-
cal status relative to targets is summarized at the time of
the Preliminary Design Review (PDR) and at the CDR.
The teams did an excellent job of meeting or exceeding
targets and also made significant pro’ércss in most areas
in the 14 months between PDR and CDR. The CDR was
especially successful, with the Chairman, Mr. John
McKeown, Naval Aviation Systems Command, com-
menting that “the CDR was an exceptionally fine one.”
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. Table 1. Tracking technical status.

Performance ratio at

Performance ratio at

PDR (June 97) CDR (Sep 98) Desired

UH-1Y AH-1Z UH-1Y  AH-1Z  direction
Weight* 1003 0.998 0.985 0.977 I
Recurring costs* 1.012 1.002 1.035 0.979 |
Unscheduled maintenance costs* 1.083 1.022 0.984 0.944 1}
Reliability* 1.061 1.161 1.309 1.381 1l
Maintainability* 0.740 0.700 0.696 0.640 U

Key performance parameters**

Payload 1.074 1.100 1.092 1.121 1
Maximum continuous speed 1.110 1.029 1.114 1.043 Ll

* Relative to Plan to Perform.
** Relative to requirement at delivery.

Commonality as a Strategy

The H-1 Upgrades Program presented a unique opportu-
nity for the IPTs to maximize commonality between the
AH-1Z and the UH-1Y. Commonality was recognized
by all team members as being beneficial to the Program;
however each of the disciplines within the IPTs viewed it
as being important for different reasons. For example,

® The designers and planners saw it as a way to mini-
mize the number of drawings that had to be created
and, hence, a way to reducc budget and schedule re-
quirements.

¢ The cost analysts viewed it as a way to reduce recur-
ring costs because of the increased quantitics of
common items.

¢ The tool designers saw commonality as a way to
reduce the number of tools.

¢ The logistician saw it as a way to minimize LSA
tasks, manuals, and training.

¢ The Customer viewed commonality as a way to re-
duce costs and real estate needs aboard U.S. Navy
ships (because of fewer spares and less support
equipment).

This emphasis on commonality resulted in a significant
number of components on the two aircraft being identical
— hence the term “identicality” was used to describe
them. As illustrated in Fig. 7, the AH-1Z and UH-1Y
are over 50% common by weight and cost; perhaps even
more importantly, about 85% of the maintenance-
significant components are identical. This reduces the
logistics tail, training, foot-print, and cost.

IMPROVED MISSION EFFECTIVENESS

The purpose of the H--1 Upgrades Program is to improve
the mission effectiveness of the AH-1Z and UH-1Y in

ways that are cost effective over the life cycle of the air-
craft. This enhanced effectiveness is the result of im-
provements in five major areas—propulsion, integrated
cockpit, survivability features, improved weapons capa-
bility, and the targeting sight system. Improvements are
summarized in Fig. 8. The “upgraded” helicopters are
new with “zero-time™ airframes and the following new
components:

e Main and tail rotors.

® Main transmission and 90-degree gearboxes.

® Landing gear.

» Transmission support structure.

e Airframe stretch with new primary structure
(UH-1Y).

¢ Crew and troop seats.

e Integrated avionics.

» Auxiliary power unit.

» Fuel system (UH-1Y).

¢ Engine digital electronic control unit.

e Weapons pylons with internal fuel (AH-1Z).

¢ Hydraulic system.

e Electrical system.

e State-of-the-art integrated wiring.

» Target sight system (AH-1Z).

In this section, these improvements and their impact on
the effectiveness of the aircraft are described. Features
to marinize both aircrafl for the U.S. Navy shipboard
environment are also discussed.

Propulsion System

The propulsion system, as discussed on the following
pages, includes the rotors, drive system, engines, fue!
systems, and auxiliary power unit. Improvements in
hydraulics, controls, and other subsystems also increased
effectiveness because of simplifications that reduce
weight and cost and improve reliability; but these are not
discussed in detail here because of space limitations The
propulsion system is identical on both the AH-1Z and
the UH-1Y. The propulsion system design incorporates




e Glass cockpit controls and displays

¢ Main rotor

*  Drive system

e Hydraulic system

e  Electrical generation and distribu-

tion system

e APR-39 radar warning e T700-GE engines *  APX-100
¢ Tailboom e Infrared suppressors e SCAS actuators
» Horizontal stabilizer e Combining gearbox e ARN-153 TACAN
¢ Chaff/flare dispensers ¢ Rotating controls and actuators e  Oil cooler
e Tail rotor e  Wiring interface assemblies ¢ D/C- A/Cinverters
e Intermediate gearbox e SCAS computer e  Main transmission
e  Tail rotor drive shafts e DCS-2000 radios s Ultra low maintenance battery
e AVR-2 laser wamning set e  Mutltifunction displays ¢  Crashworthy crew seats
»  Auxiliary power unit ®  AAR-47 missile wamning system ¢ TAMMAC
e 90-degree gearbox

Fig. 7. List of identical components for AH-1Z and UH-1Y.
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Fig. 8. Summary of improvements for enhanced mission effectiveness.
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the latest technology in materials and design concepts
while balancing these with weight and cost constraints.

Rotor

The main and tail rotors arc shown in Fig. 9. Both rely
on advanced composites to provide durable, damage-
tolerant designs where the flexing of composite mem-
bers. not bearings, is used to accommodate blade pitch
change requirements. The main rotor is derived from the
proven Model 680 rotor concept used on the 4BW (AH-
1Z prototype) and on the production Bell Model 430.

The main rotor has reduced part count, is easily remov-
able, and requires no lubrication. It is ballistically toler-
ant, flaw tolerant, and designed for 10,000-hour fatigue
life. The blades are folded for Navy shipboard operation.
The tail rotor has four blades with an integral tension—
torsion strap that attaches to a fail-safe titanium hub. An
elastromeric bearing is integral to the hub to provide for
rotor flapping. Lubrication is not required.

Drive

The H-1 drive system is shown in Fig. 10. The main
transmission and tail rotor gearbox are new for the H-1
Upgrade. The main transmission is rated at 30% more
power to improve the performance of both the AH~1Z
and UH-1Y. On the new cases, magnesium has been
replaced with aluminum to reduce corrosion. The new
gearboxes are designed with 30-minute run dry capabil-
ity to reducc vulnerability to ballistic damage; they are
also designed for a 5000-hour time-between-overhaul
(TBO) to reduce the O&S costs to the Marines.

Bearingless
Advanced airfoils
10,000 hr fatigue lives

Composile cuff

Upper stops \

P> Fiberglass yoka
o~ wiststrap
r"'r

\

Composite blade

Main Rotor

Engines/Auxiliary Power Unit

The H-1 engine and auxiliary power unit is shown in
Fig. 11. The APU, provided by Sunstrand, is currently in
the DOD inventory. This unit provides electrical power
for system checkout, hydraulics to permit control move-
ments for ground check and blade fold, and compressed
air for starting the GE-T700-401 engines. The engines
are used currently in the AH-1W and are modified
slightly with a digital electronic control unit (DECU) for
improved rotor speed control. The GE-supplied IR sup-
pressor is also modified slightly to give better interface
to the aircraft and to reduce exhaust gas temperatures.

Fuel

The fuel systems (Fig. 12) are improved on both air-
craft—with increased capacity for additional range, bal-
listic protection, fuel cell inerting, and improved crash-
worthiness for enhanced survivability, as discussed later.
One benefit of the propulsion system improvements is an
increase in maximum hover gross weight and hence
payload, so that additional fuel, ordnance, and speed is
available. This means the aircraft can operate at ex-
tended ranges, get there quicker, have more time on sta-
tion, and carry more weapons or payload for the Marines
they support.

Integrated Cockpit

The heart of the H-1 Upgrade integrated cockpits is the
Integrated Avionics System (IAS), supplied by Litton
Guidance & Control Systems. The IAS uses powerful
technology with large growth margins and open archi-
tecture combined with commercial base components to

e No lubrication
Ballistically tolerant
* Simple, reduced parts count

—~ Zibemgless twis' st
T eaimani hut

/ F"i:c.h arr M}?
a—~ - :‘2';}*?"« =
P 24 \, U" e

Wast

Compesit: blade
/ .

Elastomoriz
fag tawing

Tail Rotor

Fig. 9. H-1 main and tail rotors.




For new components
e Rundry
s 5000 hr TBO

Main rotor gearbox, 30% more power

Main driveshaft assy, no lubrication

Tail rotor gearbox

Combining gearbox

Tail rotor shafting Intermediate

gearbox

Fig. 10. H-1 drive system.
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Integral particle separation
Fully marinized
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Fig. 11. H-1 engine/APU install.

Self-sealing

Crashworthy, break away fittings
OBIGGS inerting

Zero G capability

Pressure refueling

Main Tanks
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Fig. 12. H-1 Fuel Systems,
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give the H-1 a cost-effective state-of-the-art system.
Building on nondevelopmental items (NDI), the IAS is
designed to accommodate upgrades in countermeasures
and other systems, as they become available without
expensive redesign.

The cockpit integration is a culmination of the efforts of
multiple design teams. From aircraft subsystem sensors
and controls, which are processed by Wiring Interface
Remote Terminal (WIRT) computers, to advanced avi-
onics systems integrated in the mission/weapon comput-
ers, the many sources of information required to fly and
fight the aircraft effectively are made available to the
aircrew in the functionally identical cockpits. Extensive
design efforts were conducted to ensure the information
and capabilities available to the pilots are presented in an
intuitive and unambiguous format. The designers were
faced with the task of making it all happen within the
available cockpit space, and with the additional chal-
lenge of improving the pilot’s exterior field of view.

The cockpits were designed to reduce pilot workioad by
(1) allowing easy access to information required and (2)
automation of routine procedures. The cockpits are vir-
tually identical, allowing the pilots to fully fight and fly
from either station. The reduced crew workload permits
the pilots a “heads out of the cockpit” level of situational
awareness that allows enhanced safe operation of the
aircraft, decreased vulnerability of the aircraft to threats,
and more rapid, lethal responses to requests for close air
support.

One example of automation is the execution of an imme-
diate close air support mission. The mission brief is re-
ceived digitally over the radio and is decoded and stored
for retrieval in the mission computer. Once the pilot
accepts the mission, the computer will provide steering
to the assigned attack position that will have the aircraft
in place with sufficient time to acquire the target and fire.
As the aircraft is maneuvering into the attack position,
the targeting sensor will be pre-pointed to the target co-
ordinates and elevation. The computer will also use the
range to target and selected weapon system to calculate
stores time of flight and cuc the pilot when to fire, al-
lowing fire support “on target, on time.” '

The crew interface architecture is centered around the
“all-glass” cockpits, shown in Fig. 13 for the AH-1Z,
consisting of two multifunction displays (MFD), one
dual function display (DFD), keyboard, Integrated Hel-
met Display Subsystem (IHDSS), mission grips, and
hands-on collective and stick (HOCAS) controls. The
glass cockpit allows the pilots’ access to all tactical,
flight, aircraft system, weapons, and targeting sensor
information required. The crew vehicle interface design
was based on the premise of not requiring the pilot to
change his primary display setup to access flight and

Forward

ta )
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Fig. 13. The AH-1Z Cockpit Instrument Layouts

mission critical information or conduct routine in-flight
tasks such as changing communication frequencies or
changing navaids.

The primary displays depicted in Fig. 13 are the map/nav
page, flight page, weapons page and the targeting page.
The map/nav page is the primary navigation and steering
cueing to the aircrew and provides overlays of the
tactical situation. The flight page provides all attitude,
airspeed. and altitude information to the pilot as well as
the critical aircraft systems information of rotor speed,
drive torque, and engine power available. The flight
page essentially replaces the instrument panel gauges of
a traditional cockpit. The weapons page allows rapid
selection and intuitive viewing of the current state of the
weapon selections and remaining stores. The targeting
page allows selection of the Target Sight System (TSS)
modes and viewing of either the color TV video or
forward looking infrared (FLIR) imagery for detection




and selection of targets. The other primary MFD pages
provide detailed access for electronic warfare, detailed
system information, communication, wamnings/cautions/
advisories, and tactical data communications (TDC).

The THDSS (Fig. 14) provides the aircrew day and night
heads up, heads out text and graphical symbols of critical
flight, navigation steering, and weapons aiming informa-
tion. The visor-projected information provided to the
pilot allows normal operation of the aircraft without
having to continually scan inside the cockpit for critical
information. The integrated helmet tracker allows the
helmet display to provide line-of-sight referenced dis-
plays that provide a “virtual heads up display” (HUD) for
aircraft datum launched weapons and attitude display,
off-axis weapon and sight cueing, and navigation stecr-
ing cues overlaid on the real world.

The night vision cameras coupled into the IHDSS pro-
vide a high-resolution scene display to the pilot that is
unequalled by any other HMD currently being devel-
oped. The cameras equal, and in some cases exceed, the
performance of even the latest fielded direct view night
vision goggles (NVG) at low ambient levels, particularly
in urban environments. -

The intuitive, easily accessed system controls and dis-
plays are further enhanced by the mission grips and
HOCAS controls. These are presented in Fig. 15. The
HOCAS controls allow the aircrew traditional flight
control switch functions augmented by the new capabil-
ity to control the MFD pages, select modes, and change

s 1" helo with night capable HMD
- Dual image intensifier (I2) cameras

Metzl tolerant head tracker

Dual CRT visor projects day or night symbology

Provisions for FLIR/TV video on HMD

Heads-up-display information overlayed on HMD

image

Fig. 14. The AH-1Z Integrated Helmet System.
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radios and frequencies without having to release the
flight controls. Thc following highlight some of the
HOCAS features:

 Selection of any weapon system.
e Selection of systems, caution/warning/advisory,
electronic warfare, and sensor pages for display, as

well as return to the primary display.

» Selection of radio and changing preset communica-
tion frequencies.

# Selection and adjustment of automatic flight controt
system (AFCS) “autopilot” modes.

Meission Grip

Fig. 15. H-1 HOCAS and mission grips.
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The mission grips allow either pilot to fully operate the
TSS and contro! weapon selection and delivery “hands
on.”

This description has focused on the AH-1Z configura-
tion; however, most of the cockpit instruments and their
functionality are identical on the UH-1Y, as shown in
Fig. 16. The UH-1Y uses the same cyclic and collective

grips as the AH-1Z, but a different targeting sensor and .

control grip. The grip is integrated into the avionics
system and has identical contro! and display features
when identical functions are selected. Currently, the
UH-1Y does not incorporate the IHDSS, but a NVG-
HUD is provided to display critical flight and navigation

COCKHIT STOWAGE

Fig. 16. The UH-1Y cockpit instrument layout.

Ballistic Tolerance
Composite Main & Tail Rotors
Run Dry Main & T/R Gearboxes

information “Heads out” during the more hazardous op-
erating environment present at night.

SURVIVABILITY FEATURES

Mission effectiveness of the AH-1Z and UH-1Y has
also been increased with design features to improve sur-
vivability in the battlefield (Fig. 17). Vulnerability to
ballistic threats has been reduced with a number of im-
provements: ‘

¢ The diameter of control tubes has increased to re-
duce vulnerable areas.

¢ The rotor systems have been designed for continued
flight after penetration by rounds as lethal as 23mm
HEI Redundant load paths in the main and tail
rotors enhance this feature.

o Self-sealing fuel tanks with powder panels are used
to preclude fires after penetration by incinerary
rounds.

o New gearboxes are designed with 30-minute run dry
capability to prevent forced landing after loss of lu-
bricant from ballistic penetration.

& Redundant load paths are provided in highly loaded
airframe components, and redundancy in control
actuators and other subsystems is used to provide for
fly-home capability.

Crewstation Armor

Redundancy
Twin T-700 Engines
Dual Hydraulics
Dual Tandem Actuators
Four DC Power Sources
Redundant Structure

Fuel System Fire Protection
Self-Sealing Cells and Lines
Suction Fuel Transfer
Dry Bay Fire Protection
OBIGGS

Integrated EW Suite

Radar, Missile, Warning;

Infrared
Suppression System

Four CM Dispensers

Fig. 17. H-1 survivability features.




The reduction in vulnerable area as a result of these de-
sign features is presented in Fig. 18.

The infrared signature of the aircraft has also been re-
duced, primarily with the improved IR suppression and
exhaust shielding on the GE-T700-401 engines. The
effectiveness of these improvements in reducing the sig-
nature of the aircraft below the specification requirement
is presented in Fig. 19.

Active countermeasures are also included on both air-
craft, and they are integrated into the avionics systems to
improve their effectiveness. The number of chaff/flare
dispensers has been increased to four on both aircraft,
and placed strategically on the airframes to increase their
effectiveness in all quadrants. Dispensing of these
countermeasures can be manual or automatic with the
integrated avionics package, since they are coupled with
the radar/missile/laser wamning systems.

Additional design features, shown in Fig. 20, protect the
aircraft, passengers, and crew in the event of a hard
landing. The AH-1Z and UH-1Y landing gears are
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designed for landings up to 12 fi/s without damage to the
ajrcraft. In addition, large mass items, including fuel
cells, are designed to remain attached to basic aircraft
structure for crashes up to 20g fore-and-aft or vertical or
10g lateral. In the event of a crash, stroking seats
provide extra crew and passenger safety on both aircraft.

All of these improvements help the Marines stay in the
fight while ensuring that damaged aircraft make it home -
and can be repaired for follow-on missions.

MARINIZATION

Features to protect aircraft operating in the maritime
environment experienced by the Navy and Marines are
expensive to incorporate if they are not included as a part
of the basic design process. Both the UH-1Y and the
AH-1Z are designed to operate effectively . in this
environment. Features incorporated in both aircraft,
shown in Fig. 21, include corrosion resistant composite
main and tail rotor systems; aluminum cases on all the
new or modified gearboxes; elimination of many aircraft
structure joints through the use of high-speed machined

AH-1Z

EAH-1W

COOAH-12

7.62 mm 12.7Tmwm

14.8 mm 23 mm

UH-1Y

COUH-1Y

7.62 mm 12.7 mm

14.5 m m 23 mm

Armor piercing incendiary at 2500 ft/s

Fig. 18. AH-1Z and UH-1Y ballistic vulnerable area improvement.
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AH-1Z

UH.1Y

BSpec Requirement [JCDR Assessment

Fig. 19. Improved IR signature of H-1 aircraft.

"« IMPROVED LANDING GEAR

20, 20, 10G RETENTION

e CRASHWORTHY FUEL CELLS,

BREAK-AWAY FITTINGS

Fig. 20. Improved crashworthiness features

IMPROVED WEAPON SYSTEM

components and treatment of the remaining joints to
resist corrosion; marinized engines; and electronic
components designed to operate and survive in the high
energy electromagnetic fields found near Navy ships. In
addition, other aircraft design features, such as blade
fold, 30-degree turnover angle, and tiedown provisions
for high wind and rough sea conditions, enhance the
operation of the H-1 aircraft in this environment. These
features not only extend the life of the aircraft, they

reduce the amount of time the Marines must spend

maintaining the aircraft.

The new AH-1Z weapons/ordnance array is the greatest
of any helicopter in the world today. These ordnance
options are illustrated in Fig. 22. The existing 20-mm
gun with 750 rounds of ammunition is being retained,
but the accuracy is improved with the Litton integrated
avionics package combined with a low-airspeed system
from Marconi Electronic Systems. The gun is controlled
by either crewmember, using either the helmet mounted
display or the mission grip.
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Fig. 22. The AH-1Z weapon suitc.

On the AH-1Z, four new universal weapons stations can
accept the following ordnance types:

» Sidewinder

® Sidearm

o Stinger

« HELLFIRE

¢ Rockets

s Longbow HELLFIRE and Maverick

The four stations can also be used for auxiliary fuel to
provide long-range ferry capability. In addition to the
four universal stations, two additional stations are incor-
porated into the weapons pylon tips to accept either the
Sidewinder, Sidearm, or Stinger. ‘

» HIGH-SPEED MACHINED AIRFRAME
STRUCTURE-MINIMUM JOINTS
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o SEALANT ON AIRFRAME JOINTS
¢ FOLDING MAIN ROTOR BLADES

+ DECK TIE-DOWN PROVISIONS

On the UH-IN, provisions are made to mount the Ma-
rine’s DAS mount, which has the capability to accept 50-
caliber or 7.62mm machine guns and the 2.75-inch
rocket pod.

Targeting Sight System

One major element of the improved mission effective-
ness of the AH-1Z is the new targeting sight system
(TSS), provided by Lockheed Martin. The TSS brings
state-of-the-art, third-generation FLIR targeting for the
Marine Corps. When combined with the Integrated Avi-
onics System from Litton, the TSS gives the AH-1Z
unsurpassed capability to fight and survive in the battle-
field of the 21st century.

The TSS, shown in Fig. 23, mounts to the nose of the
AH-1Z through an interface structurc that supports the
turret assembly. A five-axis gimbal provides the motion
required. The payload is supported on this gimbal and
isolated from helicopter and gunfire vibrations. An inte-
gral boresight module attaches to the rear of the interface
structure.

The turret assembly, made by WESCAM, and the pay-
load dctails are shown in Fig. 24. The gimbal is de-
signed to accommodate each of the major components as
modules so that future upgrades can be implemented
without major redesign.

The heart of the TSS is a third-generation, mid-wave
infrared, staring-focal-plane-array FLIR. This FLIR has
an 8.55-inch diameter aperture and enhanced image
processing that result in increased identification,
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Boresight
- Module
Aircraft . e
interface ‘§
.Structure

Turret , _
Fairing

Payload

Front Cover/
Window Assembly

Fig. 23. The AH-1Z targeting sight system (TSS).

recognition, and detection range with sharper image
resolution and less sensitivity to weather. Four fields of
view are provided to aid in detecting, identifying, and
tracking potential targets.

The TSS also has a color TV made by Sony to aid in

target detection. The TV has continuous optical zoom,
which gives magnifications up to 21x, selectable from

LASER SPOT TRACKER

WESCAM TURRET ASSEMBLY
«5-AXIS GIMBAL
+VIB ISOLATED PAYLOAD

MODULAE PAYEOAD

the mission grip. Performance filters for glare reduction
and haze penetration can be selected by either crew-
member.

A Litton laser, used on the F-16 LANTIRN pod as well
as the TSS, is installed on the gimbal for designation and
for rangefinding. The laser has an integral eye-safe
mode that can be used for enhanced safety during train-
ing. A laser spot tracker is also included to enhance the
capability of the AH-1Z to track or designate targets
during high-workload, battlefield environments. A Lit-
ton LN200 Inertial Measuring Unit (IMU) is alse
mounted on the gimbal to give precise inertial coordi-
nates for interface with the Integrated Avionics System
and geopositioning of aimpoints for GPS guided weap-
ons.

Operationally, the TSS can be controlled by either
crewmember, either manually or automatically, through
the heads-up-display (HUD) on the helmet. It also inter-
faces with the TAMMAC (digital map) for pre-pointing
to selected targets. In addition to the laser spot tracking
mentioned above, the TSS also performs scene tracking
in both the FLIR and TV modes and is capable of priori-
tizing and tracking up to 4 targets simultaneously.

The third-generation FLIR and the laser give the AH-1Z
unparalleled capability to detect, recognize, identify, and
designate targets. A comparison to existing systems is
presented in Fig. 25. The capability of the TSS to ad-
dress targets at the maximum range of several missiles is

ITTON LN200 IMY

-GIMBAL STABILIZATION

iy
1

.
™

BORESIGHT MODULE

3RD GENERATION ELIR
.+ B.55 INCH APERTURE
- 4FOV

LASER DES|GNATOR RANGEFINDER
« EYESAFE MODE

Fig. 24. TSS details.
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Fig. 25. Range comparison for targeting

sight systems.

shown in Fig. 26 and compared to first- and second-
generation systems. The increased performance of the
TSS at these ranges gives the AH-1Z and the Marines
the ability to make maximum use of the capability of
these systems. The TSS allows the Marines to rapidly
identify and engage targets at extended ranges, increas-
ing their lethality over a greater area while reducing the
vulnerability of the aircraft to engagement by the threat.

SUMMARY AND CONCLUDING REMARKS

As a part of the Marine Corps strategy to provide war-
fighting capability through the first quarter of the 21st

Hellfre/
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century, Bell Helicopter and the Marines are using Inte-
grated Product Teams to upgrade the UH-IN utility air-
craft and the AH-1W gunship to new configurations—
the UH-1Y and AH-1Z.

The upgrade program is structured to give the maximum
capability achievable within constraints of development
and life-cycle costs, and CAIV studies are used to ad-
dress potential savings against program requirements.

The resulting H-1 configurations have significant im-
provements compared to the current aircraft. Both air-
craft have been designed to operate in the harsh maritime
environment required for the Navy and Marine Corps
missions. New dynamic components, combined with
increased power in the main transmission, increase the
performance of both aircraft to improve both speed and
payload. The increased power also accommodates im-
provements to reduce vulnerability to ballistic and infra-
red threats. Crashworthiness is also improved with large
mass retention at higher crash load factors and energy-
absorbing seats and landing gears.

New integrated cockpits for both aircraft have state-of-
the-art displays, and the Bell/Government/Litton cockpit
team has defined cockpit functionality and man/machine
interface to drastically reduce pilot workload and im-
prove situational awareness. On the AH~1Z, an inte-
grated helmet display subsystem with night-vision cam-
eras provides day and night heads-up pilotage capability
to improve the effectiveness of the aircraft.

P

Pixeks on Targe
1.7 deg — deg
82 1n. ‘
20 ad

Fig. 26. The impact of FLIR technology on performance.
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The AH-1Z aiso has a new target sight system with
third-generation FLIR, color TV, and both tactical and
eye-safe laser. With the sight, the AH-1Z identifies and
designates targets out to the maximum kinetic range of
the weapons it carries.

The H-1 Upgrade designs presented a unique opportu-
nity to incorporate common components in the two con-
figurations and in the final design, about 85% of the
components that requirc maintenance are identical. Over
the life cycle of the aircraft, this identicality has a tre-
mendous paypack in reduced costs to maintain and sup-
port the aircraft.

The new AH~1Z and UH-1Y are modern, zero-time
aircraft designed to operate effectively the next 30 years.
The UH-1Y is the most capable light, multi-role heli-
copter in military service. The AH-1Z is the premier
attack helicopter on the battlefield, carrying the widest
array of weapons and equipped with the most capable
target sight system in the world. The AH-1Z and UH-
1Y provide the most potent and cost effective attack and
utility combination for the 21st century warfighters.
Both aircraft are currently being fabricated, with many
components in test to support first flight next year. Pro-
duction deliveries begin in 2003 with 180 AH~1Z and
100 UH-1Y scheduled to be delivered to the Marine
Corps.
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The Tornado GR4 Programme -A New Approach

T Watkins
British Aerospace, Military Aircraft and Aerostructurcs
Warton Aerodrome
Preston PR4 1AX
United Kingdom

Summary

The growing costs of new weapon systems will
encourage potential customers to consider upgrading
their existing fleets. Today's aircraft will therefore be
expected to remain longer in service and counter the
threats of the future. Industry will need to adapt from
developing and manufacturing new weapon systems to
finding ways to improve the capability of an existing
asset to maintain a deterrent in a higher technological
environment. According to the 1997 British Aerospace
Military Aircraft Value Plan ‘The upgrade and re-life of
existing aircraft is a valuable market opportunity — over
the past five years the upgrade of existing assets has
accounted for 16 per cent of the total value of combat
orders world-wide’.

The RAF's IDS (Interdictor Strike) Tornado aircraft are
expected to have a service life-span of up to 40 years and
to ensure their combat effectiveness arc currently
undergoing a Mid Lifc Update (MLU) - the largest of its
kind in Europe. The Mid Life Update programme returns
142 IDS Tornado aircraft to industry and upgrades them
to a new variant, designated Tomado GR4/4A, which
will become the new common standard for the RAF IDS
aircraft.

The £1bn programme is split into three contractual
elements — development, production embodiment and
support. Panavia, the industrial partnership consisting of
Alenia, DASA and British Aerospace brought together
originally to design, develop and manufacture Tornado
aircraft, is the prime contractor for the Development
contract but British Aerospace lead for the Production
Emhodiment and Support contracts.

The Tornado MLU programme had a difficult start as the
world socio-political environment changed but has
emerged as one of the success stories of British industry.

The aircraft will receive during the embodiment
programme system enhancements including a forward
looking infra red system, an improved defensive aids
system, improved and full Night Vision Goggles
compatible cockpit displays, and the ability to carry a
wide range of new weapons. This will provide a baseline
standard for further upgrade improvements grouped into
packages. Each new package will be introduced to the
aircraft approximately every 18 months. Due to the
flexibility of the approach taken by the team working on

the programme it has been possible to encompass some
additional operational requirements onto the aircraft as
they pass through the MLU embodiment process.

This paper will provide an introductory overview of the
programme looking at the historical backcloth, the three
contract elements, and how we are tackling the future
requirements of our customer. Specifically the
experiences encountered by British Aerospace and it’s
partners, and how the Mid Life Update programme has
stimulated innovative approaches to improve the
responsiveness to customer demands. There has been a
direct correlation between performance on the
Programme and the level of team working that takes
place. This is very encouraging to the programme with
the continuing series of package upgrades planned over
the next few years.

CURRENT PROGRAMME

™ me o m e w3 3w 1 e Bm aw

Figurc 1 Tornado GR4 Programme

Finally the paper considers why an update for the
Tornado was the right approach for the RAF in its quest
to maintain an effective capability to match the defence
needs of the United Kingdom in the early 21st century.

Historical Overview

The first discussions of a Multi-Role Combat Aircraft,
the project from which Tornado emerged, took place in
1969 and involved a number of European countries.
Many of these countries dropped out but three remained
to design, develop and manufacture the swing-wing
aircraft. The first Tornado GR1 aircraft entered service

Paper presented at the RTO SCI Symposium on “Aircraft Update Programmes. The Economical Alternative?”,
held in Ankara, Turkey, 26-28 April 1999 and published in RTO MP-44.
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with the Royal Air Force in 1981. The last Tornado
aircraft built was delivered to the Royat Saudi Air Force
in September 1998. Within the UK, the RAF use the
aircraft primarily for Air Interdiction, Offensive Counter
Air and Tactical Air Reconnaissance roles, and SEAD
(Suppression of Enemy Air Defences) following the
introduction of ALARM in 1990.

The Tornado aircraft is in-service with the Air Forces of
Germany, Italy, Saudi Arabia and the United Kingdom.
Panavia have built nearly one thousand Tornado aircraft.
In the United Kingdom there are two main variants - the
IDS (Interdictor Strike) and the Air Defence Variant
(ADV). The UK IDS has three versions:

-GR1-1DS
- GR1A - Reconnaissance
- GR1B - Maritime Attack

In addition to this the Royal Air Force have fitted
specific equipment and carricd out special order only
modifications to certain aircraft to meet an immediate
operational requirement which has resulted in-a situation
where there are very few aircraft to the same standard.

The Tornado GR1 is a proven performer, with successful
operations in the Gulf War, has automatic navigation and
weapon aiming, a very comprehensive passive and active
Electronic Warfare capability, and can carry a wide
range of weapons. The aircraft is optimised for all
weather, day or night low level operations, and is heavily
dependent on its automatic terrain following radar.

However, already by the mid 1980's studies were
" underway involving Germany, Italy and the UK on how
to improve the aircraft's capability in view of the
technology advances since the aircraft had been designed
and developed in the early seventies. After some delay
eventually the UK decided to go ahead alone with a
requirement "To enhance the capability of the Tornado
GR1 aircraft to find and successfully attack its targets in
all weather and reduce its vulnerability to attack’. This
was Staff Requirement (Air) 417.

Specific areas of improvement highlighted were:

- To achieve improved covert night operations. The
Tornado GR1 is very good at kecping low and out of
sight behind hills but in bad weather has to usc it's
Terrain-Following Radar and hence potentially leaving
itself vulnerable to being tracked by opposing forces.

- To improve the aircraft’s capability to fix positions and
target locations for navigation and weapons aiming.

- To provide additional growth capability. The on-board
computing capability is limited by modern standards.

- To improve supportability of the aircraft. As the
Tornado’s went through their original build programme
the aircraft was consistently improved leaving a legacy
of the three versions - trainer, strike, and reconnaissance
aircraft - each with a range of different build standards.
Additionally the RAF has incorporated numerous
Special Trial Fits (STFs) and Special Technical
Instructions (STIs) on specific aircraft. Consequently the
logistic support and fleet management of the aircraft in
service is very management intensive, which has also

‘proved a major management challenge in thec MLU

Return-To-Works programme; this is discussed later.

The initial studies led to the development stage of the
Mid Life Update programme starting in 1989. To meet
the stated requirement the development work on the
upgrade programme can be split into a number of areas:

- Introduction of a new avionics architecture built around
a 1553 databus.

- New sensors & Displays consisting of a Forward
Looking Infra-red sensor, a Pilot's Multi-Function
Display with digital map, Wider angle HUD, Computer
Symbol Generator, Video recording System and a
Computer loading System.

- New Armament Control System consisting of a Stores
Management System, a Weapon Interface Unit linked to
a 1553 databus within-a 1760 interface.

- A Night Vision Goggle compatible cockpit.

- Terrain Reference Navigation / Terrain Following
Display / Terrain Following Switching & Logic Unit /
Covert RadAlt.

Development work started in earnest but in the world
some momentous events were taking place with the
ending of the cold war. The original plan to embody the
MLU standard onto the Tornado aircraft was to
incorporate it into the last batch of aircraft to be built and
retro-fit the earlier builds. However, this plan was
thrown into disarray by the cancellation of the last batch
buy from the UK. This left a hiatus over how to embody
the MLU standard into the Tornado fleet.

The IDS Tornado’s first operational use came with the
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Figure 2 — Summary of Physical Changes

Gulf war where the aircraft carried out some of the
toughest missions during the conflict - low-level attacks
at night against heavily defended targets. The lessons
learnt from the Gulf War emphasised that the sensors
were optimised for low level operations. At night the
crew were blind to other aircraft resulting in tactics
having a heavy reliance on timing that gave little
flexibility to evade and safely avoid air and ground
threats. Once operations were moved to medium level
there was a greater reliance on precision weapons and
illuminators

On the domestic political front two government reviews
took place — ‘Options for Change’, and ‘Front Line
First’. These resulted in MLU being under severe
financial pressure not least because the politicians were
looking for savings from the Defence budget, the so-
called peace dividend, as a result of the collapse of the
Warsaw Pact, but also the embodiment strategy was still
not clear. In addition it was desirablc to incorporate the
Gulf War lessons. This led to a reassessment of the
requirement to take the Tornado through to 2018. The
solution resulted in what was to become MLU '93 and
Production Embodiment would take place through a
return-to-works upgrade package for 142 aircraft at
Warton.

Despite the medium level lessons learnt in the Gulf the
RAF decided that covert low level penetration remained
the core requirement. The main deletion from the
origina! MLU in hardware terms was the Terrain
Reference Navigation System and it's associated
equipment. In its place a Global Positioning System was
introduced to ensure the required capability was met.

The main additions to the programme were a TIALD
(Thermal Imaging Airbome Laser Designator) system
and a MEGTF (MLU Enhanced Ground Test Facility).

Whilst development activities were ongoing the Tornado
GR1 had a number of software enhancements which
were outside the scope of the original MLU development
contract. These software additions had now to be
somehow taken into account and incorporated.

The most important aspect of MLU ‘93 is that in
addition to the basic enhancements of MLU, the flexible
design created the foundation to incorporate future
developments to the aircraft’s capability. This is
particularly relevant to the introduction of new smart
wecapons such as Brimstone and Storm Shadow
scheduled for early in the 21st century.

Development

At the time of the initial negotiations for the
development contract on MLU the MoD were in the
process of moving away from cost plus contracting. The
MoD and industry were learning about fixed price
contracting when the Development contract was
negotiated. The impact meant that the work content had
to be fixed to provide a fixed price. Therefore certain
actions were placed so that the Tornado GR1 aircraft
was updated from as common a standard as possible.
Remember each aircraft had been built to a slightly
different standard and the RAF had also made some
changes of their own to meet specific operational
requirements. A baseline standard was agreed together
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with a 'Minimum Modifications List', which lists all the
modifications that had to be on the aircraft when the
RAF returned them to industry was included in the
contract documentation. This solution meant that some
modifications would have to be removed before the
aircraft entered the MLU programme, an approach that
suited the contractor since it provided a firm baseline for
the development work. However, as development work
progressed, any change, which is inevitable at this stage
of a project, could only be carried out by an amendment
to the contract.

The RAF found this one of the most frustrating areas
since development on the Tormado GRI1 aircraft
continued to take place providing capability
enhancements in isolation to the GR4 development
programme. One such example is the carriage of Sea
Eagle where some of the Maritime Tornado’s had been
upgraded to carry the weapon via the STF route. Under
the terms of the contract this capability had to be
removed before the aircraft entered the MLU
programme, and would not be part of the MLU upgrade
programme. Hence in this particular area the aircraft
would be returned to the RAF at a lower capability than
at which it left the Service. The RAF was not amused!
This has been resolved by Package 1 that introduces Sea
Eagle onto Tornado GR4.

Industry preferred to have no change since it distracted
the engineers away from the task. The exception to this
is where there is a need to undertake some additional
work, for instance testing, to ensure compliance to the
contract specification. For example the engineers
identified the need to do more testing on the cockpit
lighting mock-up as a result of making some minor
equipment changes to the cockpit panels.

Although availability of hardware is important the speed
of the development programme is driven by how quickly
software devclopment cycles can be achieved. A
software load and two correction cycles have
traditionally taken approximately three years to
undertake. Therefore any change involving the
integration of new avionics equipment, according to the
working processes at the time, could only be introduced
at three yearly intervals without disrupting and hence
potentially risking the completion of the original
software load. :

As one would expect once the development programme
had been stabilised with MLU ’93 there were a number
of issues that were identified as potential risks to the
time scales of the contract. One of the continuing
challenges to the update programme has been the
difficulty encountered with TIALD development. The
time scales available for its introduction onto Tornado
GR4 had been continually shortening. TIALD was in
development with a different contractor and . the
customer was committed to delivering a fully functional

TIALD pod to the programme. Further there had been a

. number of observations from the RAF when the first

cycle of softwarc was released - in the terms 'well 1
know I specified it like that but now that I've seen it and
tried it I want something slightly different'. Consequently
a decision was taken to change the development
programme radically again with the introduction of
Package '0'".

The introduction of Package ‘0’ occurred in early 1996
when the customer formally redirected the programme. It
took a year to finally agree all the changes to the contract
amendment. Package ‘0" encompassed the required
changes from the customer observations to the software
generated controls and displays, and accommodated the
delay in the availability of a working standard TIALD
pod. Furthermore the customer was keen to incorporate
as many other software changes that were a direct result
of enhancements in the Tornado GR1 aircraft since the
scope of MLU 93 had been dcfined. All the hardware
development would now be completed by October 1997
as originally planned, with the exception of TIALD.
However, a new software load was introduced to cover
off the customer observations and incorporate the
Tornado GR! enhancements. This meant that the full
MLU standard software would not be released until
September 1998. thercby taking up the planned six
months contingency on the programme.

The key driver behind the revised programme was to -
ensure no impact upon the production embodiment
contract. The net resuit was that the aircraft would be
delivered on time, October 1997, to the customer but
initially only with an interim standard of software. This
would only effect the first few aircraft.

In hindsight, such an approach was risky because on the
first aircraft delivered. the RAF crew, including the
ground crew, would only see the ‘work-arounds’
undoubtedly leading to some frustrations because certain
functionality was missing. Consequently all the parties
involved with the decision, including the various
elements of the MoD and the RAF, visited the main
operating bases and explained to the RAF personnel who
were receiving the aircraft what was happening on the
project, what to expect and their role in the process. This
proved a very useful exercisc and in the process many of
the urban myths and unfounded opinions were dispelled.
The end user now knew what to expect when the aircraft
arrived.

Additionally, once the aircraft arrived at the main
operating bases a member of the development team was
located with the RAF crews to assist in resolving any
issues that may arise.

This paper has been written around the prescntations
given.




Not only were there concerns over the perception likely
to be received from delivering the aircraft at an interim
standard, but BAe and DASA did have a severe
challenge in achieving the September 1998 deadline
using the traditional software development process. The
revised schedule required three years work to be
completed in just over two years together with some
additional effort to give a formal release at an interim
standard.

It was at this point that the 'team', composing of the
various organisations including MoD, RAF, BAe and
DASA began to work much closer together and found
ways to shorten the time scales and get a better standard

- of software at an earlier stage.

BAe had developed the 'GHOST' development process
that allowed modelling and rapid prototyping of systems
design algorithms and also cockpit displays. This
provided an early assessment opportunity that greatly
reduces the possibility of the final design not satisfying
the customer’s requirement. The new process enabled
the RAF project personne! to perform dynamic
assessments of the proposed system design and agree
what the cockpit displays should look like rather than
attempting to specify their requirement on a piece of
paper.

The MLU programme involved changing the software,
with DASA doing the main computer, BAe the Missile
Computer Unit and writing completely new software for
the introduction of a Computer Symbol Generator. The
traditional method of proving software on Tornado is to
undertake sub-system testing, and then to provide a
formal release to the full integration rig, which is a
representative example of the aircraft on the ground.
Once integration testing has completed stringent
schedules for flight satisfactorily a formal clearance for
flight test is issued. The paperwork formalities took time,
and like many other programmes, once the software was
released from one stage to the next required
improvements would be quickly identified. To overcome
this it was agreed to make software-engineering releases
available to the integration rig early before the formal
paperwork to enable a quick look to enable any obvious
improvement requirements to be identified, which could
be incorporated before formal release. The process has
moved further to allow a number of engineering loads to
be progressively released to the next stage so that a
higher standard of formal release is achieved. To assist
in this process on the integration rig the BAe aircrew
would participate in the fitness for flight assessments
with the engineering loads so that anything that may
compromise a successful flight test could be corrected
earlier.

Similarly engineering loads were flight tested where
there was no safety critical implications. This shortened
the time scales for software development and assisted in
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achieving an earlier clearance than might otherwise have
been achieved. This meant a higher standard of software
was available earlier lcaving more time to fix any
problems and analyse the testing results. Effectively
what we did was have a large number of small iterations
to the software, ‘rolling development' rather than three
big loads. The net effect meant that when errors did
occur it was easier to identify where they were and hence
more easily corrected. All this is an obvious thing to do
but changing the attitudes and working practises is
always a challenge.

A knock on benefit of using engineering loads is that this
method reduces the number of times clearance
paperwork was raised. Previously the time consuming
paperwork process raised to fly a software load had to be
repeated often as the software proved to of limited
airborne value. This work was removed, as the software
will have been rejected at an earlier point. The downside
was additional effort on configuration control.

The process encouraged better teaming and shortened
the time from when the software engineers wrote the
software to it being tested on a rig. This meant that the
software engineers were taking a closer attachment to
‘their’ work and were disappointed when their work did
not work as planned. Hence more pride in their work
developed and the association with the aircrew
demonstrated how important their input was to the final
outcome of the project.

These efforts enabled the development contract to be
completed as planned at the end of October 1998. Hence
the Production Embodiment programme was not
disrupted and the development team was in a position to
move forward on the foilow-on enhancements to the
aircraft.

Production Embodiment

The enormity of the production embodiment task cannot
be underestimated. There are over 30 miles of cables in
the Tornado aircraft and the MLU programme demanded
that most of it be removed with 20% being replaced
completely.

Less than two years were available for planning and
preparing for the first aircraft on the return-to-works
production embodiment programme. The embodiment
would take place at the British Aerospace facility at
Warton, North West England where the aircraft had
originally been assembled. In mid 1995 a ‘strategy
formulation team’ comprising of all the key stakeholders
was established to move the planning process forward
for the embodiment activities. The team highlighted
some of the issues facing the programme as:

- The Logistics system would be the key to the
success of the RTW programme. Over 3000 parts
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and equipment’s would be removed from the aircraft
and then scrapped, stored for refit or sent away for
modification. Further to this over 500 new parts or
equipment’s had to be fitted to the aircraft. The
number of suppliers involved in the supply chain
was huge and the management of this process would
be critical for the project’s success.

- The ‘flow’ line manufacturing process amplified
any problems in the logistics process. Removing
parts from multiple aircraft, storing and distributing
them centrally, and then trying to control them back
to the correct individual aircraft once they had been
moved on added further complexity to an already
complex system.

- The information technology used by the majority of
manufacturing programmes at Warton would not
support effectively ‘the complexity which was
envisaged on the Tornado MLU programme.

- The manufacturing environment once set up had to
be flexible to respond to programme changes and
potential future business but it needed to be robust
enough to support a seven year activity intensive
programme.
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Figure 3 — Aircraft Layout in Hangars

The strategy team developed a network of people from
the stakeholders and worked with them to formulate a
sub-strategy for each area. Initially the organisation
resisted this approach, however over time some key
people were able to influence the group and a framework
for developing a co-operative working environment
ensued.

The strategy team identified five areas of success:
- Process

- Logistics

- Engineering

- People

- Quality

The key decision on the manufacturing process
concerned the build philosophy. The team concluded that
there should be a complete break from the traditional
‘flow‘ line process and instead each aircraft would
remain in a dedicated position, or bay, during its
modification and testing. This eradicated the need to
move the aircraft during its build and meant that the
modification phase, the Production Flight Acceptance
Tests and final handover to the customer could be
cleared from the same hangar.

The layout of the three hangars allocated two bays at the
south end for acceptance of the aircraft on arrival and for
engine ground runs / flight preparation at the end of the
modification process.

Each dedicated bay has a single parts control area,
termed regulators, which act as the focal point for
control of all parts taken off the aircraft, stored or
transported to a vendor and then replaced on the aircraft.
This means it is not possible to mix up parts from
different aircraft and secondly parts being ‘robbed’ from
aircraft to satisfy shortages elsewhere can be strictly
controlled. '

The movement of parts to/from the regulators is
achieved by purpose built transportation media. These

"meet the ‘everything has a place’ philosophy ensuring

full visibility of complete sets of panels and boxes, and
allow thc easy identification of missing parts.
Alternatively the parts are transported to a dedicated
repair and refurbishing area, and then returned to the
regulator. Similarly vendor equipment are delivered into
the regulator on a strict time scale similar to a ‘just-in-
time’ process.

The normal supply of kit sets of parts to an assembly line
is a bag with all the parts tagged to ease their
identification by the fitter. On Tornado GR4 the original
plan was to adopt best practise in British Aerospace
which was on the T4S trainer aircraft assemblies where
the parts are delivered nested into foam shadow boards
in purpose built suitcases with Perspex tops. However,
with a return-to-works build line the required parts for
each suitcase would not necessarily be the same, as each
aircraft is potentially slightly different. To overcome this
a simplified approach has been taken and each kit set is
mounted on standard size boards and then vacuum
packed, and stored in the regulator.

Once a decision had been made to dedicate bays for each
aircraft a number of knock on considerations have to be
resolved. In a flow line environment the fitters tend to
specialise in one or two phases of a ten phase build
process. This leads to somec demarcation across
individuals, for example, a structure person is prevented
from carrying out a mechanical systems test. A team
concept is the alternative adopted allowing each operator
within the team the opportunity to use his skills in the
most beneficial area to the team at any particular time.




One team would manage threc aircraft from acceptance
to delivery. The main advantage perceived being that
ownership would be developed to eradicate some of the
problems associated with an aircraft moving down the
line often before the work has been completed.

From a purely people point of view it was argued that
giving people more options, and more flexibility in the
way they worked would create and sustain interest in
their working day. If managed properly it would mean
that individual skills were being utilised more efficiently
for the benefit of the business. By adopting a number of
individual teams an element of healthy competition
could be evolved between them, for the benefit of the
project.

The principle structural changes to the aircraft are
restricted to three areas. The most obvious change is on
the port underside of the front fuselage where a fairing
has been added which houses the new Forward Looking
Infra-Red (FLIR) sensor. To accommodate this in the
existing structure the left hand gun has been removed
and some additional structural strengthening has been
undertaken. Another main area is on the lower fin where
the Environmental Control System has been modified by
using the Tornado ADV primary heat exchanger. The
final area are structural changes to the pylons to allow
the use of the 1760 weapons databus.

To exacerbate the challenge each aircraft would arrive at
Warton at a different standard depending when
originally built and whether it was a strike, recce or
trainer aircraft. It was recognised at an early stage that
the standard of the Tomado’s in service varied
dramatically and BAe work very closely with the RAF to
relieve the situation. The Tomado aircraft come from the
operating bases to RAF St Athan for a Pre Input
Maintenance Programme, or PIMP. At this point the
RAF carry out a major or minor star service, remove any
service installed STFs (Special Trial Fits) and check the
required modifications on the Minimum Modifications
List are fitted. Should any modifications require fitting,
or alternatively removing this work is undertaken before
the aircraft is flown to Warton to enter the Return-to-
Works programme.

The testing of the electrical modifications on the aircraft
to identify any wiring anomalies is done before any
aircraft equipment is loaded into the structure. This is
undertaken by two mobile DITMCo electrical test rigs,
which move to each bay when the testing stage is
reached in the modification process.

The first aircraft arrived at Warton in April 1996 and -

was completed twelve months later. The make span is
reduced to 8 months by the 17th aircraft delivery. From
the end of 1998 onwards 20 aircraft will be in the
process of being upgraded until early 2003 when 142
Tornado GR1s will have been upgraded to the Tornado
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GR4 standard. During this period one aircraft will be
returned to the RAF every 8 working days.

The challenge has been met through a combination
which started with the extensive forward planning done
by the strategy formulation team and moved on with the
development of new working methodologies, new
equipment, exceptional co-operation with the customer,
and tremendous team working arrangements,

The success of meeting the challenge has been achieved
by the MLU team questioning our traditional working
practices and, where possible, replacing them with
innovative ways of carrying out routine tasks and
ensuring we continue to improve our methods of
working in the most effective manner.

The concepts developed by employee involvement teams
prior to the first aircraft arriving at Warton has not
stopped. Since the first hangar was completed in early
1996, more than thirty furthcr improvements have been
introduced in advance of the two other hangars being
completed. Improvement plans and, Customer and
employee involvement continuc to be a way of life,
throughout the GR4 programme, in the drive to reduce
costs and meet the Customer's future delivery
requirements.

Once work is started on each aircraft some form of
emergent work is inevitably found when the aircraft is
‘opened up'. This has to be dealt with very quickly,
otherwise the delay will have an impact on the planned
delivery date which in turn will result in no hangar space
being available for the next incoming aircraft. Previously
this would have generated a mass of paperwork between
BAe and the Ministry of Defence Procurement
Executive as the customer, the RAF as the operator, and
the relevant design authority for the part of the aircraft
affected - Alenia, DASA or BAe. Uniquely
representatives from the MoD (PE) and the RAF who
between them have thc authority to authorise any
additional work, and Alenia and DASA personnel are
available on site. When problems do arise it is very easy
to visit the aircraft and see exactly what is needed, so
decisions can be made in a fraction of the previous time.
This cuts down on much of the paperwork and reduces
delays to a minimum.

Teamwork has been the comnerstone to the Mid Life
Update's early successes on the programme and this is
not just the customer involvement. Within BAe
Integrated Product Teams for development, production
embodiment and support have provided the
organisational structure in which the total team has
focused on the task. On the shop floor, a full support
team of planning, design, finance, logistics, and other
experts are co-located next to the bays where the aircraft
is being worked. This allows the Fitters or Electricians
who come across a problem on an aircraft can get an
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expert opinion straight away. Similarly they can
buttonhole the person responsible for giving them an
unreasonably difficult task to perform and take them to
the aircraft to show them exactly what's what!

Reams of paperwork have also been eliminated by the
installation of electronic dedicated Manufacturing and
drawing storage and retrieval systems. Terminals are
located next to the aircraft so that all those working on
them can call up the latest information they nced to get
on with the job. '

Once the aircraft has completed its upgrade to a Tornado
GR4 it is delivered to RAF St Athan where a Post
Output Maintenance Programme, or POMP, is
undertaken. At this point the RAF have the option to
embody any Service Embodied Modifications or Special
Trial Fits if required. The aircraft are then transferred to
their front line operating bases at RAF Bruggen, RAF
Marham or RAF Lossiemouth.

The MLU programme is a baseline for further capability
growth. These capability enhancements will be
introduced progressively as the hardware and software
development is completed. The enhancements will be
embodied on the Return to Works programme and retro
fitted on those aircraft that have already gone through
the MLU programme. Hence the planned work content
of the RTW programme increases over time, with very
little relief on time scales.

Support

Throughout the MLU programme there are a number of
innovations that improve processes and on the support
aspects of the programame this continues. One of the
most important requirements that the RAF desire is the
availability of their aircraft when required. The lessons
learnt from the experiences gained to date supporting in-
service aircraft have been incorporated into the support
activities of GR4.

.Like the production embodiment contract the support
contract with BAe is directly with the Ministry of
Defence (Procurement Executive), and is fixed price
against a fixed time scale related to the in service
requirements. The task covers:

- Initial provisioning

- Aircraft Ground Equipment

- The supply of an avionics ground training rig
- Technical publications

- Training

- Data requirements

- Augmented Logistic Support (ALS)

The most notable innovation is 'Augmented Logistic

Support' where the new, high cost, high risk avionics
equipment arc supported by industry at the aircraft's
main operating bases — RAF Bruggen, Lossiemouth and
Marham. When an ALS LRU goes defective the RAF
collect a replacement from the industry managed ALS
store located on the base. The performance requirements
are very stringent - 85% of all demands need to be
achieved within one hour, 95% within 24 hours and
100% within 28 days.
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Figure 4 ALS - Change in Philosophy

This support concept provides maintenance on a basis
such that industry is responsible for all repairs apart from
non-attributable damage. This puts the emphasis on
industry to supply reliable equipment in the first place
and therefore negates the need for repairs or associated
spares. Failure to meet the service level target gives rise
to retention penalties so a compromise based upon
equipment reliability is determined by industry and not
the RAF -as previously managed. A slightly different
system operates in time of war, when the RAF takes over
control. '

To date the new process has worked well with minimal
difficulties encountered during the introduction into

service period.

The Future of the Tornado GR4

The Tormado GR4 MLU programme provides an
upgrade in aircraft effectiveness and a baseline for future
continuous technology insertion. A paralle! life
extension programme is on-going to enable the structure
and existing equipment in the Tornado GR1 to be
qualified to its out of service date around 2020.

As previously stated the MLU programme provides a
step change in baseline capability for the Tornado IDS
aircraft in the UK. This will make it easier for new more
advanced equipment, sensors and weapons to be
integrated onto the weapon platform. The speed at which




these can be introduced will be determined by our ability
to develop new software loads in line with the time
scales required to qualify any new hardware.

The RAF wants the most capable aircraft thcy can get
but are restrained by affordability. It would be nice to
have a new aircraft but the time scales from inception to
in-service arc now in the order of 20 years and the
funding required is enormous, notwithstanding the
political challenge and will. Thereforc in the short to
mcdium tcrm the only option to improving the aircraft's
capability is an upgrade, and that only happens if the
funds can be justified against other competing demands.
The RAF has four requirements:

1 Mission success. - There is no point sending highly
trained men on a mission if it is unlikely to be
successful.

2. Effectiveness. There is no point sending highly trained
men on a mission using equipment that is no longer
effective for its planned task.

3 A consistent standard of aircraft. With the same
standard of aircraft fleet management is minimal.
Availability of specific aircraft due to their ‘special
equipment fitted and the subsequent specific support add
significantly to the fleet management task.

4 Avoid red line entries. It is no good having highly
capable aircraft if they are grounded due to a shortage of
spare parts.

So, what can and cannot be done economically to an
aircraft? Our experience on Tornado tells us that as long
as the aircraft can remain effective and successful in jts
missions then it will generally make economic sense to
upgrade. There are likely to be fewer advances in
airframe design compared to the advances possible in
systems over the coming years. Within BAe we vicw the
aircraft as the platform for the weapon systems and
therefore it is important to get the system flexible
enough to integrate updated and improved systems onto
the existing airframe. It is only when the fatigue lifc of
the airframe makes it too costly to upgrade to be safe to
fly that a new aircraft is justified. During this period
undoubtedly new ways and methods of doing things may
not be economically feasible on an existing airframe, for
instance smart skins. Progressively the aircraft will lose
capability in comparison to newer aircraft available on
the world stage, and at some point its effectiveness and
ability to achieve mission success will be sufficiently
compromised to justify the development of a new
weapon platform.

This view is sound in an environment where there is no
longer a serious threat. The situation may be different in
an arms race where a greater proportion of the nation's
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GDP would be directed towards the Defence budget.
Once a decision is made to go for a new aircraft the new
air platform should provide a step change in
performance.

The limitations to extending the useful life of the aircraft
will heavily depend on the RAF's four requirements.
Clearly if any of these are compromised it would not be
in the UK's interest to continue extending the life of the
aircraft. From a Design Authority's viewpoint

- maintaining the safety of the aircraft is of paramount

importance. As the aircraft ages overcoming obsolescent
equipment and ensuring the structure has clearance
qualifications for the platform's extended life are serious
considerations. Similarly from an operator’s view the
cost of maintaining an ageing aircraft will eventually
become unacceptable.

The approach taken for Tornado GR4 to integrate new
technology advances has been to provide a versatile
design. The MLU programme restructured the original
design to make the aircraft's avionics systems more
versatile and capable of upgrading. Significant upgrades
will come with the introduction of the various Packages
planned. There must be a limit on what can be integrated
onto the GR4 system but as yet that limit has not been
reached.

Current Programme Status

The initial phase of the MLU Development programme
was successfully completed in September 1998, and the
Production Embodiment programme is now at full speed.
The follow on packages are now defined. Package 1 will
be embodied next year; Package 2 development
activities are underway and the contents of Package 3
and 4 are now defined. There is no doubt that the
Tornado GR4 has given the Royal Air Force a
significant improvement in capability and the currently
planned Package improvements will ensure the Tomado
remains an effective strike aircraft well into the 21st
century.




MIRAGE 2000 COMBAT AIRCRAFT UPGRADE
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MIRAGE 2000 are in operational
service within several Air Forces since 1983.
The outstanding structural sturdiness of the
Mirage allowing them to fly over 2015-2020,
allow Dassault Aviation to consider mid-life
update. '

MIRAGE 2000 mid-life update shall comply
with the following criteria :

e Multirole aircraft, able to carry a wide
variety of Air to Air and Air to Surface
missions,

o Affordable costs,

e Replacement of current sensors (for
example : RDM radar) by state of the art
modern sensors with up to date
operational performances (for example :
.multi shoot fire control),

e Replacement of the current WNDS core’

system by an open system based on
modular avionics architecture allowing, in
particular, to separate application software
and hardware,

e Replacement of the current cockpit lay out
by a modern glass cockpit taking benefit

of the numerous advantages of the Man -

Machine - Interface fitted on the
MIRAGE 2000-5,

e Implementation of new functions, by the
customer’s hationa! industry, thanks to a
modern software workshop installed at the
customer’s facilities.

The target of this mid-life update is to obtain
a new version of MIRAGE 2000 with a fly

" away price for new aircraft of 80% of the one

of MIRAGE 2000-5 but with attractive
operational characteristics.

1. CHOICE OF OPERATIONAL
FUNCTIONS

Marketing approach followed in the
market of new modern aircrafts, or updated
versions of existing airframes, indicates that
operational potentials of these airplanes are
high.

In this context Dassault Aviation has
decided :

e To fit the basic version of the future
MIRAGE 2000 with :

— an air to ground firing control
with standard bombs, guns and
rockets,

— an air to air firing control with IR
combat missile.

* To size the complete system to be able to
add options on customer’s request without
modification of the core system :

- Air to Air mode : BVR missiles
‘with at least double shoots fire
control.

~ Laser Guided weaponry

— Data link

- etc...

Dealing with updated versions, the
basic solution has to be tailored to fit the
customers' specific needs ; three levels of
upgrades have been identified :

e Level 1: full mission system upgrade.

e Level 2 : the existing system is maintained
in the present state, new functions and
new equipments are integrated into an
additional core system.

Paper presented at the RTO SCI Symposiu}n on “Aircraft Update Programmes. The Economical Alternative?”,
held in Ankara, Turkey, 26-28 April 1999 and published in RTO MP-44.
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e Level 3 : new functions and new
equipment are integrated in the existing
system with minor modifications.

Level 2 and level 3 upgrades are made up
level 1 subsets.

2. TECHNICAL DEFINITION
OF THE WNDS

Technical definition of the airframe,
engine and weapon system was reviewed in
order to find a compromise between cost and
efficiency, while reducing impacts on
recurring and no recurring costs :

— by simplifying actual functions
(reduction of number of
components)

— by using already engaged
developments, showing  cost
reduction potentialities

— by using dual new technologies,
decreasing the cost and able to
cope with obsolescence problems.

2.1 - Architecture

The effort on cost reduction is mainly visible
on the weapon system. A new architecture of
data processing, developed around a core
system with modular avionics, provides a
significant reduction of development cycle
and offers to the customer a potentially more
evolutive system with growable capabilities,
as shown below.
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2.2 - Core System

The targets of the avionics core system new
approach are :
— to reduce development cycles and
recusting cost of the WNDS

[ et |

— to have an important growth
capability of the core system.

— to have a better obsolescence
management and best use of
current technology at any time,

— to be able to reuse already
developed software  with  no
regression.

This approach is based on :

— a standardised core data
processing. the Modular Data
Processing Unit (MDPU
Dassault Aviation - Dassault
Electronique - Sextant),

— a new system and software
environment bascd on an objet
oriented system workshop
(ODILE)

— an encapsulation of existing
software with adequate interfacing
with new software.

2.2.1 - MDPU generic architecture

In order to meet the important growth
capability objective assigned to the new core
system, the proposed core data processing
has been conceived as a modular, scalable,
open and evolutive platform (see fig. below) :
inside a rack, power supply function and
standard functional modules (up to 18)
communicate through a backplane. The
standard functional modules are :

a Data Processing module (DP)

a Graphic Processing module
(GP)

~ aMass Memory module (MM)

—~ aBus Coupler module (BC)

Each of the standard modules has been
designed making the best use of COTS and
current technology. As an example, the new
processing power of one Data Processing
module is 50 times higher than the one of the
present M.2000 Mission Computer.

The obsolescence management has been
taken into account by using standard
interfaces between the various components of
the MDPU in order to be able to change
hardware and software components without
any impact on the application software.
Furtherone, this makes the associated




evolutions easier by allowing a component to
be changed with minimum impact on its
environment. The standard interfaces concern
the hardware as well as the middleware
components. The Operating Software can be
changed without any modification ‘of the
application software. In the same way, the
CPU of the Data Processing module can be
changed independently of the others
functions implemented in the module.

The modular configuration of the MDPU also
contributes to  simplify  maintenance
procedures, the LRU concept being replaced
by a LRM concept.

This core system will be installed on all
present  Dassault Miltary programmes
(M.2000-9, Rafale, ATL3).

2.2.2 - MIRAGE 2000 Configuration
The proposed configuration for the MIRAGE

2000 includes the functions implemented in .

the two Mission Computers and the two
Symbol Generator Units in the previous
architecture : mission management including
operational moding management, display and
control management, maintenance
management. The Data Processing Module
containing mission computer software is
totally redundant so that then one fails, all the
operational capabilities are kept (no
degradation in back up mode). ,

2.3 - Radar

2.3.] - The basic radar is the Thomson-CSF
RC 400, with an emitting power of 400 W,
allowing a firing capability of two
simultaneous targets in Air to Air mode, with
a range slightly lower than the one of RDY
radar. Signal processing functions are
directly derived from the algorithms of the
RDY, and therefore must provide a very

similar -quality and sturdiness of the fire
control, but with a significant price reduction.

This radar is presently under development.

2.3.2 - The multitarget RDY, radar of the
M.2000-5/-9 is obviously available upon
customer’s requirement.

2.4 - Cockpit lay out

In service experience has shown that the
M.2000-5 cockpit concept with five displays
was very much appreciated by combat pilots.

This is mainly due to :

— the concept Head up - Head level displays
collimated at infinity, giving without
accommodation by pilot’s eye both the
immediate situation (HUD) and the main
sensor display,

— a peculiar display dedicated to the long
term, ie tactical situation (HDD)

— two interactive lateral displays and a mode
selector panel, last three displays will be
LCD.

It was stated that such a cockpit gives to the
pilot a good and clear situation awareness,
even in heavy workload phases.
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2.5 - Others functions

— The inertial platform is a Sextant TOTEM
3000 Gyrolaser with GPS hybridisation.

— The radiocom system could be provided
by the customer national industry as the
ECM and Stores Management Systems.

3. CUSTOMER’S ON SITE
DEVELOPMENT
" ENVIRONMENT : ODILE

¢ The objectives of the on site environment
are mainly to give to the customer the
ability to modify the MDPU software
which has been initially developed by
French Industry : same environment based
on ODILE is used in France to develop
oriented objet part of software functions,
This is provided in order to :

— give to the customer ability to make
system level modifications (by opposition
to going directly at very detailed local
software level),

— with the shortest modification cycle :
ability to show prototyped functions to
pilots and to complete development and
validation up to flight test in short time,

— so that the modification has no impact on
the existing object oriented and
encapsulated part of the software. No
regression test on this part is necessary
after reuse of already developed software.

This workshop incorporates some new tools
and relies on the same new methodology
(Dassaunlt Aviation System Development
Methodology - DSDM - based on RTOOSA)
as those used in France by Dassault Aviation
to develop software in object oriented
technology for new functions.

It is composed of :

— an OASIS rapid prototyping facility for
pilot in the loop Man Machine Interface
(MMI) simulation

~ a DSDM development environment with :

A analysis tool-sets for system
requirements analysis

A system design tool set

A software development tool set for
software design. coding and
testing

— a MDPU Hybrid Simulator for integration
(validation of MDPU software)

This workshop will be supplied with
appropriate training and assistance.

The development process is described in
figure below.
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Aircraft Life Extension - CC130 Hercules Avionics Update

Major C.P. Daley

National Defence Headquarters
DAEPM(TH) 5-3
MGen G. Pearkes Building
Ottawa, Canada
KI1A 0K2

1. Summary

The Canadian Department of National Defence
(DND), having taken measures to ensure the
structural integrity of the CC130 Hercules to
beyond 2010, studied a number of technical and
economic options with respect to extending the
life of its ageing CC130 Hercules avionics suite.
The Department selected the option of a
‘consolidated and comprehensive avionics update
as the preferred option to ensurc the aircraft can
perform its missions with peak efficiency and that
the avionics would meet or outlast the estimated
life expectancy for the aircraft.

2. CC130 Estimated Life Expectancy

The structural life of the aircraft was not
established at the time of design. The Canadian
Department of National Defence (DND) has
completed progressive wing replacement
programs, and maintains ongoing Durability and
Damage Tolerance Analyses, Aircraft Structural
Integrity Program (ASIP), Progressive Structural
Inspections (PSI), and Aircraft Sampling
Inspections (ASI). Most recently, the DND has
implemented a usage monitoring and fleet
management program through installation of on-
board data recording systems on the CC130 fieet.
These systems will record actual load data, which
can then be related to the specific flight profiles. In
turn, flect-wide usage and severity can be
assessed, based on knowledge of the missions
flown and the actual loads experienced during
each mission.

Collectively these efforts aided in extending the
estimated life expectancy (ELE) of the DND
CC130 fleet to 2010.

3. Introduction - Avionics Update

The CC130 fleet is composed of six distinct
Hercules models, each equipped with a different
avionics configuration. These avionics variations
ranged in nature from minor to significant and
hinder flight crews from maintaining operational
proficicncy on all CC130 models. This imposed
restraints on full-fleet utilisation during periods
of maximum airlift requirement. Additionally,
the majority of the aircraft in the flcet were fitted
with certain avionics that would become
obsolete and/or unsupportable prior to the ELE
of 2010. In order for the CC130 to achieve its
(structural) ELE of 2010 it was deemed
necessary to replace or upgrade the fleet's
avionics systems that could soon become
unsupportable and/or not meet new international
communication and navigation standards.

At the time of project initiation, over half of the
DND CC130 fleet were 20-30 years old, with
approximately 35000 flying hours.
Notwithstanding their average age, the expense
of replacing the fleet prior to the ELE of 2010
was discounted as a cost-effective means of
resolving the avionics deficiencies and life-cycle
shortfalls. It was considered essential from an
operational and economic standpoint that all
CC130 Hercules aircraft receive a standard and
updated avionics suite.

Thus, to ensure that the CC130 continued to be
an effective airlift resource until an ELE of
2010, these specific deficiencies were cited for
resolution:

o the layout and type of flight-critical
instrumentation is not standardized within the
fleet, requiring specialized aircrew currencies
to fly the various CC130 configurations;

Paper presented at the RTO SCI Symposium on “Aircraft Update Programmes. The Economical Alternative?”,
held in Ankara, Turkey, 26-28 April 1999 and published in RTO MP-44.
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+ current avionics systems will not mect the
increasing navigation, communications, and
identification requirements for the flect's
Strategic airlift, Search and Rescue (SAR).
Tactical Air Transport (TAT), and Air-to-Air
Refuelling (AAR) missions;

e a number of avionics systems, including the
compass, the autopilot, the flight dircctor, the
doppler, and the communications suite, are
unrcliable, difficult to support, and in some
cases no longer mcct Regulatory and
operational requirements;

» other systems, such as the radar display, are
unreliable and difficult to support, despite
being operationally suitable; and

¢ new systems such as Ground Collision
Avoidance System (GCAS) enhance flight
safety, and conform to new commercial
regulatory requirements.

4. Option Analyses
4.1. Avionics Requirements Document

An Avionics Requirements Document' was
developed to detail the requircments for the
standard cockpit instrumentation and avionics
suite. These requirements were based upon
existing and documented operational CC130
missions and roles.

To document the derivation of the requirements
for the standard avionics suite, an Avionics
Mission Roles Analysis was conducted bascd on a
top down analysis of the CC130 missions
(strategic airlift, SAR, TAT, and AAR). An
essential characteristic of all missions was
worldwide. all weather. Category II Approach
conditions. The missions were divided into
individua! segments, such as take-off, cruisc,
payload delivery, and approach. Each mission
segment was then subjected to a detailed analysis
to establish its requirements for the cockpit
instrumentation and avionics systems,

Each mission segment undcrwent a dcetailed
review relative existing specifications, standards,
and regulatory requirements for these flight
segments. Due to the integrated nature of civilian
and military air operations, civilian specifications,

standards and regulations were given cqual
consideration relative their military counterparts.
Further. Canada is a signatory to many NATO
standardization agreements (STANAGS) which
directly relate to CC130 Hercules avionics
requirements. The Avionics Requircments
Document, and its Avionics Mission Rolcs
Analysis, considered all of these requirements in
dctailing avionics requircments.

The results of the Avionics Mission Rolcs
Analysis were collated and assigned to systems
in six functional areas: navigation,
communication. identification, flight
control/guidance, on board systems, and self-
protection. The most demanding requircments
within each functional arca were identified and
associatcd with their supporting reference.

The Figure | illustrates the scgmented. graphical
nature in which avionics requirements were
identified (navigation for strategic missions).
Figurc 2 depicts an example of the rcsults for
navigation (all missions).

4.2. Standard Avionics Specification

A Standard Avionics Specification® was then
devcloped to detail the rccommended standard
avionics configuration for the DND CC130 fleet.
It also initiatcd an cconomic analysis through
calculation of rough ordcr of magnitude
procurcment and installation costs for the
implementation of the Avionics Requircment
Document recommended avionics suitc.

The avionics systems installed or planned for
installation in DND CC130 Hcrcules, other
DND aircraft, Lockheed production aircraft, and
United States Air Force bascline Hercules
aircraft. were researched and evaluated in terms
of the identified avionics requircments and their
supportability through to the ELE of 2010.
Thosc systems, which were supportable and met
appropriate avionics rcquircments, were
recommended as candidates for thc CC130
avionics update. These candidate systems werc
then synthesized into system options and traded-
off in terms of technical and cost elements.
Based upon the results of this tradc-off, the




recommended standard avionics configuration was
specified.

To ensure an objective evaluation of avionics
requirements and supportability, each of the
systems options were evaluated by development of
an evaluation methodology based upon two
summary evaluation factors; a technical figure of
merit (TFOM) and a cost figure. When these two
factors had been rated for each option, a
recommendation as to the preferred option was
identified.

Technical Figure of Merit. The TFOM was
subdivided into evaluation elements, with each
element mutually exclusive, and definable. An
appropriate weighting factor was assigned to each
element based on a dircct estimation of the relative
clement priority. An assigned score of one to five
was then multiplicd by the weighting factor for
that element, and "rolled-up" to provide an overall
TFOM score. Evaluation elements and weightings
were: :

e Capability - the extent to which the system
meets the requirements of the Avionics
Requirements Document. Weighting 253;

*  Supportability - the relative probability that
the system will be economically supportable
to the ELE of 2010. Weighting 25;

e Availability - relative reliability and
maintainability of the system. Weighting 10;

e Growth; relative growth capability in terms of
interface options, throughput and memory
expansion. Also considered was the degree to
which the system could be adapted to other
aircraft within the DND. Weighting 5;

e Commonality - relative impact upon the DND
Logistics System (training, publications,
spares, test equipment). Weighting 15;

s Risk - relative risk of system development and
integration for the CC130 Hercules
application. Weighting 20;

Cost. For the summary cost factor, each of the
following relevant cost elements were identified

(Figure 3):
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¢  Fleet Equipment Cost - the hardware and
software costs 1o fit the Hercules fleet;

e Non-Recurring Engineering (NRE) Cost -
the sum of one-time costs incurred in
adapting the system hardware and software
to the Hercules suite, and completion of
installation design and prototyping. A factor
of between 2 and 10 times the per aircraft
installation costs was assigned;

¢ Test & Support Equipment Costs - test &
support equipment costs for 1st
(Organizational) and 2nd (Intermediate)
level maintenance;

¢ Initial Spares Costs - in the absence of
specific sparing recommendations, a value
of 25% of fleet cost was assigned and 22%
for dual installations;

s  Documentation Costs - unilingual
operations and maintenance documentation;

o Training Costs - initial operations and
maintenance personnel training (exclusive of
flight simulator modifications).

The result of the Standard Avionics
Specification work was the identification of the
preferred system, technically and financiaily, for
each of the Avionics Requirements Document
requirements (ie TACAN, VOR/ILS, VHF,
UHF.,...). The economic analyses performed
through this Standard Avionics Specification
work resulted in a rough order estimate of $90M
(1989/1990 Canadian dollars) for the upgrade of
the DND CC130 fleet. Lastly, the Standard
Avionics Specification work concluded with the
identification of future developments at
Lockheed and within the United States Air Force
which could impact upon the recommended
avionics configuration (EFIS, FMS, and digital
flight control system) and merit future
consideration.

4.3. Avionics Update Development Study

* A CC130 Avionics Update Development Study®

was then completed, in consideration of the
Standard Avionics Specification recommended
systems, to compare and present the three
preferred suite options for proceeding with a
CC130 avionics update.
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Since there were a significant number of
individual avionics subsystems to be replaced. it
would have been possible to identify innumecrablc
options, differing only in the particular equipment
proposed. The Avionics Update Development
Study presented three broad options: these were:

e Piecemeal approach - whereby individual
projccts would be used as the vehicle for
addressing both operational and maintcnance
requirements. Under this scenario, avionic

equipment requircments would be addressed by

individually staffcd and managed stand-alonc
projects;

¢ Lockheed standard (Model 382C-63E) - At
the time, this option reflected the configuration
of thc DND's latcst CC130 aircraft. and would
consist primarily of changing the older E and H
Models to this avionics and cockpit
configuration; or

» CF baseline standard - whercby all of the
preferred avionic systems of the Standard
Avionics Specification would be used,
reflecting an operationally acceptable, cost-
effective solution,

Analysis of the Options. Detailed analyses of
the costs and performance capabilities of the
options were conducted and werc summarized
within the Avionics Development Study. The
piecemcal option would too slowly, if at all.
resolve the critical problems, which gave rise to
the project (Scction 3. above). The two remaining
options were determined to be cssentially identical
in their projected costs, however, the CF bascline
standard was determined to:

e provide navigation and communication
systems which will better mect new
international standards;

o allow for futurc growth via an Interface
Computer Unit (mixed data busscs);

» - incorporate newer systems which have higher
Mean Timc Between Failure (MTBF),
resulting in improved scrviccability;

e can also be implemented using currently
availablc, off-thc-shelf subsystems;

e provide greater reductions in 2nd
(Intecrmcdiatc) and 3rd (Depot) level
maintenancc support; and

s providc for substantially larger Ist level
(Organizational) maintcnancc personnel
savings.

The CF bascline standard was selected and
approved as the recommended option.

5. Contract Development
5.1. Prime Item Development Specification

A Primc Item Development Specification was
then developed from the Standard Avionics
Specification to contractually describe the
functional and regulatory requirements for the
avionics suite. Through a period of almost two
years, including a formal Request For Proposal
phase. input from Industry was sought to best
ensure that the rcsultant contract, and
particularly thc Prime Item Dcvelopment
Specification, would promote a successful, risk
reduced, and cost efficicnt implementation.
Notwithstanding this fevcl of preparation, both
the DND and the Prime Contractor continued to
extensively amend the Prime Item Devclopment
Specification throughout the first year's
conceptual and preliminary design phases:
secking further improvements, risk reductions
and cost efficiencics.

5.2.Contract Award

After more than a year's liaison and ncgotiation
with Industry, the CC130 AUP contract was
awarded. The accuracy of the Standard Avionics
Specification economic analysis' cost estimates
proved sound as the prime contract award value
was within the (upper) error cstimate.

5.3. Modification Development

The development of the DND CC130 Hercules
AUP modification closely followed the MIL-
STD-1521 Systems Enginecering process. In
vicw of the extent of required integration and




software development, a Hot-Bench was
manufactured and populated with all systems for
the purpose of supporting these risk-inherent
activities. In addition, the front section of a C130
Hercules (Flight Station 270 and forward) was

acquired and also populated with all AUP systems

to support design, development (particularly
maintainability and Human Factors engineering),
testing and initial training. Thirty-nine months
were required from contract award through to
prototype acceptance.,

5.4. Completed Modification

The resultant DND CC130 Hercules AUP
modification resulted in the following equipment
installations:

o Aircraft Flight Control & Display System
(civil): ‘
e Electronic Flight Instruments (Cathode
.Ray Tube),
e Air Data sub-system,
Attitude and Heading Reference sub-
system,
e Autopilot sub-system,
¢ Standby Instruments.
¢ Flight Management System (military):
* Control Display Units,
Bus System Interface Units,
Remote (heads-up) Readout Units,
Emergency Control Panel,
Data Transfer sub-system (ARINC 424
data, etc). ’
e Display and Instruments System (military):
» Navigation Data Display sub-system
(radar display),
e Ground Collision Avoidance sub-system.
¢  Self-Protection System (installed previous to
the AUP):
e Radar Warning Receiver sub-system,
s Missile Approach Warning sub-system,
»  Countermeasures Dispensing sub-system,
* Navigation System (military/civil mixture):
Global Positioning sub-system,
Inertial Navigational Units,

Automatic Direction Finder sub-system,

VOR/ILS and Marker Beacon sub-system,
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¢ Identification Friend or Foe sub-system,
Distance Measuring Equipment sub-
system, - :
Radar Altimeter sub-system,
e  Air Traffic Contro! Radio Beacon sub-
system,
e  Multiband Direction Finder sub-system
(distress frequencies),
e TACAN sub-system,
e VHF Direction Finder sub-system
(distress frequencics).
¢ Communications System (military):
e ' High Frequency sub-systems,
e Combined Very High & Ultra High
Frequency communication sub-systems,
e Stand-alone Ultra High Frequency sub-
system,
s Secure Voice sub-systems,
» Recording System (civil):
¢ On-Board Loads Monitoring sub-

system,

s  Solid State Flight Data Recorder sub-
system,

e Solid State Cockpit Voice Recorder sub-
system.

» Data Bus System (military/civil mixture):
e MIL-STD-1553B sub-system,
o all othgr data buses (ARINC, CSDB).

Through these extensive system installations, the
project succceded in the resolution of the
original deficiencies that prompted the project:

¢ the layout and type of flight-critical
instrumentation has been standardized for all
models of Hercules within the fleet, greatly
reducing any specialized aircrew currencies
to fly the various CC130 aircraft,

& mission deficient systems have been replaced
with new avionics capable of present and
foreseen navigation, communications, and
identification requirements for the aircraft's
missions and roles;

¢ all systems which were not supportable to the
ELE of 2010 have been replaced,

o all but one of the top ten maintenance
intensive avionics systems were replaced
with new systems with 10 times better
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reliability (cconomic analyses of the one
exception (radar) did not support replaccment).

6. Aircraft Update - The Economical
Alternative?

6.1. What Can and Cannot be Done
Economically?

In a manner analogous to aircraft maintenance
analyses, as conducted through thc Maintcnance
Steering Group - 3 (MSG-3) logic within the
DND, one must first determine which aircraft
deficiencies are sufficiently critical that they
require upgrades or replacements indcpendent of
economic factors. Of the remainder, wherce onc has
an option of continuing with thc status quo. an
¢conomic study analogous to a Logistics Support
Analysis (LSA) Level of Repair Analysis (LORA)
is best conducted. Such a study will trade-off the
increasing costs of the status quo, against the
projected capital costs of upgrading/replacing and
the anticipated future (reduction) of in-service
operations and maintenance costs.

The DND CC130 AUP analyses in fact produccd
several cost/benefit results, which did not support
upgrading, or replacement. Notably, the APN-59E
radar is the most maintenance intensive avionic
system on the CC130 aircraft. However, the radar
meets all operational requirements and the cost to
upgrade or replace the radar, even with projected
maintenance/in-service cost savings, would not
likely "pay-off" prior to the ELE.

Esscntially, the Standard Avionics Specification
and Avionics Development Study identified both
the obligatory (operational and regulatory)
requircments for the update, and further update
recommendations where technical and economic
analyses supported such changes.

6.2. What Are the Limitations to Extending the

" Useful Life of Aircraft?

Lifc cxtension of aircraft is ultimately a least
common denomination function. Engincering and
Maintenance seek the resources to push the lowcst
common denominator safely out to the calendar's
right. This is, however, subject to the law of

diminishing returns. Ultimatcly the year-over-
year costs and marginal benefits of working to
further extend the lifc of aircraft will not excced
the amortized costs and benefits of working to
replacc the aircraft. In this scnsc, aircraft '
systems may be the least common denominator
precluding the cost-cffective implementation of
structural upgradcs. or vice versa. For the DND
CC130 AUP (circa 1990). the avionics were the
Icast common denominator. As a result a cost-
effcctive upgrade was identificd and
implementced to align the "lifc” of the avionics to
the estimated lifc of the structure and remaining
aircraft systems.

6.3.How Can Technological Advances Be
Integrated?

Military procurcments continuc to cvolve to
commercial-off-thc-shelf (COTS) products,
which arc increasingly driven by commercial
specifications and standards®. These COTS
products arc subjcct to shorter, morc rapid lifc
cycles than their military predccessors’.
Militarics arc faced with early lifctime buys of
systems and sparcs, or must plan to soon
integrate upgrades and/or replaccments.

Adding to this quickening evolution. arc
Regulatory changes. such as Traffic Collision
Avoidance Systems, Ground Proximity Warning
Systems, 8.33 MHz Channel spacing. Modc S
transpondcrs, Arca Navigation, and GPS
Recciver Autonomous Intcgrity Monitoring. The
rapid technological advances of the computing
and telecommunications industrics arc inducing
dcrivative changcs to the acrospace
environment,

Shortened life cycles are making the
requircment to add tcchnological advances to
not only in-service aircraft, but midstrcam
within a Project, increasingly difficult to avoid.
Apparent through the study of DND Capital
acquisition projccts, non-military, and
intcrnational projects (F-16, USN Guided
Muissile Frigate, Oil Sands Extraction and
Chemical Processing plants), is that average
elapsed time for such projccts is surprisingly
similar: around 120 months. Morc over, the




elapsed time appears independent of the physical
size of the end product, or even the nature of the
project.® It was found that a project's duration is
determined essentially by its complexity as
measured by the degree of systems integration and
by the degree of its physical and data-exchange
linkages to other existing systems; production is
typically the easiest phase. These time lines make
it very probable to have to entertain design
changes to includc/integrate the latest technical
advances. To reduce the potential design change
complexity, plan on the likely systems integration
and data-exchange linkages.

Avionics designs should be developed with the
expectation to include and reserve space for such
future additions. Thought must be given to:

o preferred, reserved, electromagnetically
compatiblc antcnna locations,

* interface computers capable of integrating
both military and civil data bus standards,

¢ reserved avionics bay locations which
maximize maintainability and reliability,

s electrical system capacity and spare
components (circuit breaker locations,
junction box access),

e procure systems which are likely to evolve in
a form, fit, function manner for foreseen
upgrades (GPS for RAIM/WAAS/LAAS),

s implement Logistic Support and Configuration
Management processes that can easily adapt to
upgrades and replacements.

7. Conclusion

In the early 1990's the Canadian Department of
National Defence resolved that the CC130
Hercules avionics systems would limit the ability
of the fleet to attain an ELE of 2010. Through a
systematic process of technical and economic
analyses, an Avionics Update Project was
developed and approved to replace or upgrade a
large proportion of the cockpit avionics. Though
AUP modified aircraft have yet to complete a full
year of in-service operations, capital expenditures
and in-service logistics data thus far support the
economic merit of updating avionics for mid-to-
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long term resource savings and aircraft life
extension.
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CC130/KC130 Avionics Requirement Document

NAVIGATION SYSTEM REQUIREMENTS REQUIREMENT
VOR Receivers 2
ADF Receivers 2
TACAN Receiver (Includes DME Capability) X
Air-to-Air TACAN Station Capability X (KC130 Only)
Radar for Weather Avoidance, Ground Mapping, and '
Formation Station Keeping X
ILS Glideslope and Localizer Receivers 2
Radar Altimeter X
Cockpit Display of Drift and Ground Speed X
Marker Beacon Receiver X

Horizontal Position Accuracy (2 drms)

+/- 50 Meters

Altitude Accuracy (AGL, 2 sigma, below 800 Feet)

+/- 10 Feet

One Self-Contained Navigation System

X

Minimum Navigation Performance Specifications Certified

Wind Speed and Direction at Aircraft Altitude

Pattern Flight Navigation Capability

Emergency Frequency Direction Finding Capability

Integrated Navigation System

True/Magnetic/Grid Navigation Capability

Displays and Controls Available at Pilot, Co-Pilot and
Navigator Stations

Capable of Operating at 82 Degrees North Latitude

Maximum 20 minutes from Aircraft Power Application Until
Full Navigation Capability

Capable of Operating With Ramp Temperatures to -50
Degrees Celsius

Sl I Pl B S il o S il

Continuous Indication of Track Position to Flight Crew

>

Global Positioning System Receiver

Future

Microwave Landing System Receiver

Future

FIGURE 2
CC130 Avionics Update - Life Extension
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Standard Avionics Specification
Annex E
SYSTEM: ARN-127 VOR/ILS/MB System
COST DATA SOURCE: DND
COMMENTS: 1t is assumed that the existing antenna would be used.
FLEET EQUIPMENT COST: . $303,300
Item Quantity per Cost (each) Total Cost
System ]
Receiver 1 $13,300 $13,300
Control 1 $3,000 $3,000
Mount 1 $550 $550
$16,850
CC1130 Aircraft Model
‘ E H H(73) H(84) H(89)
[ System Quantity Currently Instalied 2 2 0 0 0
Fleet Equipment Cost = System Cost x Quantity per Aircraft x Number of CCi30 AC to be fitted
=$16,850x2x9
=#303,300
FLEET STAND-ALONE INSTALLATION COST: $421,875
Fleet Stand-Alone Installation Cost = Installation Man-hours x labour Rate x Quantity per
Aircraft x Instatlation Kit Multiplication Factor x
Number of CC130 AC to be fitted
= 250x$75x2x1.25x9
= $421,875
NON-RECURRING ENGINEERING (NRE) COST: $93,750
Estimated to be 2 times the installation cost for one aircraft, as already installed in the
majority of CF Hercules fleet. Equates to 2 x $46,875, or $93, 750.
TEST & SUPPORT EQUIPMENT COST: $0
Nil, existing CF support equipment sufficient
INITIAL SPARE S COST: $66,726
Initial Spares Cost = 22% x Fleet Equipment Cost
=0.22 x $303,300
= $66,726
; DOCUMENTATION COST: $0
Nil, already in CF inventory and installed in CF Hercules aircraft.
‘ TRAINING COST: $0
Nil, already in CF inventory and installed in CF Hercules aircraft
TOTAL PROCUREMENT COST (sum of above costs): $885,651

FIGURE 3
CC130 Avionics Update - Life Extension




Function

Radar
Recorder
DVS
Autopilot
Compass
Rad Alt
Nav Computer
‘IFF
Nav Computer
Omega
Flt Director
ADF
Comm HF
Rad Alt
Astral Compass
TACAN
UHF DF
Notes:

System
(Note 1)

APN-59F
USH-502(V)1
APN-501A
E-4

c-12
APN-150
ASN-504
APX-77
AYN-501
ARN-509
MA-1

ARN-6
ARC-505
APN-133
SAC
ARN-504
ARA-25/50

CC130 Problem Systems
Maint Hrs MTBF Ops
nooory s Bifect
Hrs (Note 2) %
(Note 2) (Note 3)

314 56 17
251 69 4
179 98

119 112 4
97 109 12
91 306 1
80 115 4
79 158 9
75 129 1
57 264 3
53 112 28
48 293 1
46 327 3
34 434 0
28 390 4
28 555 1
10 2100 0

In

Production

Al0-11

Support
to 2010

(Note 4)

- Low
Low

Low

 Low

High
Low
Low
Low
Low
Low
Low
Low

Low

- Lowv

Low

Low

1. Systems shown if MTBF is less than 400 hours or there is a low probability of support to the

year 2010.

2. Figures based on Aircraft Maintenance Management Information System data. Equipment
installed on only a few aircraft is not included because of small sample size.

3. Figure indicates the percentage of all avionics failures causing an abort, delay or reduction to a

mission.

4. Assessment of supportability to 2010 is taken from the Electronic Warfare Associates - Canada
Standard Avionics Specification, July 1990.

CC130 Avionics Update - Life Extension

FIGURE 4
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Summary

The C-27J is the latest derivative of the service-proven
G222 tactical transport.  With over 20 years of
production and more than 100 aircraft delivered, the
G222 has served the military transport needs of Air
Forces around the world including the Italian Air Force
(AMI) and USAF.

In 1996, Alenia Aerospazio and Lockheed Martin
Aeronautical Systems (LMAS) decided to jointly
develop the C-27J Spartan tactical transport aircraft.
Based on the rugged G222 / C-27A design, the C-27J
maintains the exiung well-proven military airframe

‘while updating those systems that could best take

advantage of state-of-the-art technologies.

The avionics, propulsion, and general aircraft systems
were selected for upgrades, including the incorporation
of avionics and cockpit upgrades developed for and
certified on the LMAS C-130J aircraft.

After a brief historic overview of the G222 family, from
its early VTOL roots through intermediate experiences
such as the USAF C-27A and Italian Air Force G222 3A
avionics modernization program, this paper illustrates
the process followed for the development of the C-27J
cockpit.

The process used to select a cockpit configuration that
allows optimized operation:! capabilities while reducing
overall development costs is presented, together with a
description of main cockpit features.

Introduction

The Lockheed Martin Alenia Tactical Transport Systems
(LMATTS) C-27J Spartan (see Figure 1) is designed to
meet military tactica! airlift requirements for a military

transport aircraft with high performance, Short Takeoff
and Landing (STOL) capability, and low life cycle costs.
LMATTS, headquartered in Marietta, Georgia, U.S.A.,
is equally owned by Lockheed Martin Corporation of
U.S.A. and Alenia Inc., a subsidiary of Finmeccanica
Sp.A. of Italy LMATTS manages the design,
production, support, and marketing of the C-27J.

Figure 1 - The LMATTS C-27J Spartan

Based on the twin-engine Alenia G222 / C-27A STOL
transport aircraft, the C-27] incorporates the same
propulsion system and advanced military avionics
developed for the LMAS C-130J Hercules, including
Allison AE2100 engines with six bladed Dowty R391
composite propellers and an integrated glass cockpit.
See Figure 2 for the overall arrangement and features of
the C-27J.

The new propulsion system on the C-27J produces up to
36 percent more takeoff thrust than the G222, allowing
the C-27] to operate from shorter airfields with greater
payload.

Paper presented at the RTO SCI Symposium on “Aircraft Update Programmes. The Economical Alternative?”,
held in Ankara, Turkey, 26-28 April 1999 and published in RTO MP-44.




All-2

AE 2100D2 Engine
Allison's highly reliable AE 2100
family of engines are flying on the
Saab 2000 and Lockheed C-130J.

Propeller

Dowty R39%
propeller as used
on the C-130J.

Avionics
Modern digital avionics suite
with Redundant1553B Buses,
five EFIS Displays, AN/
APN-241 Radar, FMS, Dual
GPS/inertial Nav, VHF/UHF/HF
plus Satcom radio and SKE-2000
Station Keeping options.
Significant avionics commonality
with the C-130J.

Two Pilot Cockpit
Highly integrated avionics
displays increase crew's performance.
16 window panels provide high
external visibility. NVIS compatible
cockpit has C-130J systems similarily,
simplifying crew conversion training.

C27J-0848 mod 2

Paratroop Doors
Full-size (1.92m x 0.91m) door
on each side of A/C. A proven
stable and safe paratroop

i egress system.

Upgraded Generaf Systems

Improved system reliability

Enhanced system monitoring

integrated diagnostics

Upgrades include Air conditioning/pressurization,
AC Power, Flight contrals, Hydraulics and a New
filght-operable APU for seli-sustained operations

Ramp and Loading System
G222 proven and fully compatible
! with the C-130 system. It provides a
drive-on/drive-off capability that
ensures operationa! autonomy in
remote areas.

Cargo Compartment

Large cargo compartment with
large ramp/carge door permit loading

of full height pallets, vehicles and
equipment
Floor stronger than C-130

u ) . New Nacelle

b T Built by Westland, the C-130J

Lo Nacelle manufacturer.
~ N
- . - - Landing Gear

Strengthened for improved performance on
unimproved airfields. The landing gear is
adjustable, facilitating drive-on/drive-off
capability and foading from a variety of truck
fioor heights.

Figure 2 - C-27J Arrangement and Features

Coupled with the C-27)’s robust, 3-g capable airframe
and maneuverability, the new propulsion system
improves the already significant tactical and strategic
capabilities of the G222 '

The C-27) is fully inter-operable with the C-130 family.
It carries the same fully loaded pallets using the same
loading system. Unlike other light tactical aircraft, it is
capable of easily transporting a variety of military
equipment (including the HMMWV and Perentie)
without disassembly due to its high floor strength and
large cargo compartment dimensions. The aircraft can be
easily and rapidly reconfigured to perform aerial
delivery, CDS drop, LAPES, paratroop drop, troop
transport, and Medevac missions. It has a range of 970
nm at a maximum payload of 9,000 Kg (19,871 Lbs).

The C-27J progenitor: the G222

The C-27J is the latest version of a family of tactical
transport aircraft that originated at the beginning of the
1960s when FIAT Aviazione conceived the G222
“Cervino” as the Italian answer to the NATO Basic
Military Requirement (NBMR) 3 for a vertical takeoff
transport aircraft able to be operated at disperse sites
without ground infrastructures.

Initially the Cervino had the same twin beam / tails
architecture of the Fairchild C-119. The two Rolls Royce
Dart RDa turboprops of 3025 SHP each were
supplemented by 6 RB 162-2 turbojets to be used for the
vertical takeoff and landing. The maximum take-off

weight was expected to be in the range of 15,875 Kg
(35.000 Lbs).

However this futuristic NATO requirement was never
formally launched, so the basic G222 design was
modified to a more conventional short take-off and
landing configuration, resembling a scaled-down
Lockheed C-130, with two General Electric T64-14
turboprops engines with a maximum_takeoff power of
3060 SHP each. '

Two prototypes were ordered by the Italian Air Force
(Aeronautica Militare Italiana - AMI) in 1966, to replace

- the Fairchild C-119s in their inventory and to fulfil

medium transport needs as jointly specified by the Italian
military forces.

The No.l prototype flew for the first time at the
Acritalia' test airfield at Torino, Italy in 1970, The two
prototype aircraft subsequently entered an extensive
evaluation cycle at the Italian Air Force Experimental
Squadron (RSV) in Pratica di Mare, near Rome, at the
end of which the AMI ordered 44 G222s.

The AMI production aircraft, powered by two GE T64P-
4D engines rated at 3400 SHP driving Hamilton
Standard 65E60-27 three bladed propellers, are able to
carry a maximum load of 9,000 Kg (19,871 Lbs.). The

' FIAT Aviazione. Acrfer and Salmoiraghi combined to form Acritalia
in 1969. In December 1990, Acritalia joined with Sclenia to form
Alenia.




maximum speed is 285 Knots. The cockpit of the G222
is shown in Figure 3.

Following the AMI, various Air Forces ordercd the
G222, including the Argentina Army Aviation
Command, the Nigerian Air Force, the Somalian
Aeronautical Corps, the United Arab Emirates Air Force,
the Venezuclan Air Force and the Royal Thai Air Force.
In the early 1980s, the G222T with Rolls Royce 20
Mk.801 Tyne engines rated at 5440 SHP and four bladed
BAe 4/7000/6 propellers was developed to fulfil a
Libyan Arab Republic Air Force requirement for 20
aircraft.

During their operational life, the G222 has been operated
in many different operational scenarios, in both pcace
and war time. Its intrinsic capability to be operated at
remote sites with little or no ground support has been
demonstrated in humanitarian missions in Europe, Africa
and Central and South America as well as in combat
operations during the Gulf War and Bosnian crises.

Figure 3 — The G222 cockpit

In their service with the Italian Air Force, a number of
G222 variants have been developed to cover specific
roles. Among the most noteworthy is the VS (Versione
Speciale — Special Version) that uses the basic G222
airframe and accommodates a set of intelligence sensors,
managed by eight workstations in the cargo bay.

Another frequently used version is the PROCIV Anti-
Incendio (Fire Fighting). In this case, the cargo bay
accommodates a special tank with 6000 liters (1560 US
gallons) of fire retardant. The liquid retardant is sprayed
through nozzles that extend through the cargo ramp.

While the G222 began as a military transport, the Fire
Fighting version of G222 has been certified (as the
G222R) by the Italian civil certification authority
Registro Aeronautico Italiano (RAI) in the “Categoria
Limitata” of RAI-RT Parte 225 (the RAI equivalent of
FAA Limited Category per FAR 21.25).
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The C-27A Spartan

In the late 1980s, the United States Air Force issued a
specification for a tactical transport aircraft that could
operate in rough fields of approximately 500 meters in
Central and South America.

The aircraft selected to fill this role was a variant of the
G222 known as the C-27A. The Alenia G222 were
modificd by Chrysler Corporation to incorporate a new
radio communication set. The C-27As were powered by
two Fiat built GE T64-P4D turboprops rated at 3,400
SHP each.

Ten C-27A Spartans were delivered to USAF starting in
1991. These aircraft have been operated by the 310"
Airlift Squadron at Howard Air Force Base, Panama,
flying a variety of missions in the region, including
humanitarian assistance, peacekeeping and counter drug
missions, and accumulated over 36,000 flight hours.

The G222 3A

In 1996 AMI began an update program on their G222
tactical transport. Actual operational use, particularly
during the humanitarian operations in Bosnia and
Somalia, had demonstrated to the AMI the advantages of
updating certain aircraft systems.

These updates include an enhanced self-defense
capability, the capability of night operations using Night
Vision Goggles (NVGs), bubble windows for observers,
removable cockpit armor, an OBIGGS and updates to
the communications and navigation systems to replace
obsolete equipment.

To respond to these requircments the G222-3A version
has been developed by Alenia. The first aircraft modified
to the 3A standard is planned to fly before the summer of
1999.

From the C-27A to the C-27J Cockpit

At the beginning of the C-27J program, it was clear that,
more than 30 years from its conception, the basic G222
aircraft was still uniquely qualificd to satisfy world-wide
operational needs for medium size tactical transport. One
of the big advantages of the G222 / C-27A configuration
against its competitors is the outstanding outside
visibility afforded by 16 cockpit windows, including 4
roof (overhead) and 4 chin (drop zone) windows. This
configuration offers a vital advantage in tactical
operations such as low leve! flight in mountainous
terrain and low altitude acrial delivery.

Howecver, it was apparent that a modernization of the
G222/C-27A configuration was needed, following a path
similar to that recently used on the LMAS C-130]
program. In articular, it became evident that major
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operational advantages could be gained by updating the
powerplant and avionics systems.

In addition, the commonality and interoperability with
the C-130 Hercules would offer Customers a “family” of
transport aircraft to satisfy their operational needs.
N .

An important decision taken at the beginning of the C-
27J program was to apply for both military and civil type
certifications, in order to satisfy the most stringent
requirements of potential customers. This decision was
also influenced by the positive results of the civil
certification process leading to the G222R Fire Fighting
version. The most practical result of this decision has
been its influence on the aircraft design, including the
cockpit, in order to meet both the most recent JAR 25
requirements (the selected civil regulation for the C-27J)
and applicable military standards.

The parallel civil and military certification programs
involve the RAI and the Italian MoD. Three prototype
aircraft will be involved with flight test beginning in the
summer of 1999.

One of the most challenging parts of the C-27J program
has been to propose to potential Customers a tactical
transport aircraft with outstanding capabilities while
maintaining low acquisition and operational costs. The
C-27) is unique among competitors in offering a
configuration optimized for actual military requirements;
acquisition budget limitations are now commonplace, so
the real challenge is to meet stringent requirements at a
reasonable cost.

These considerations led LMATTS to adopt a
“commercially oriented” design and procurement
approach as well as adopting a program-wide system
engineering methodology. Also, the use of off-the-shelf
equipment has had the effect of reducing non-recurring
costs. In striving toward the stated program goals,
commonality with C-130J often proved to be the most
cost-effective option.

This has been particularly true for the cockpit design.
The 1970s vintage control suite and electro-mechanical
instruments of the G222 appeared to be a prime
candidate for updating. In the feasibility study that led to
the C-27], a number of different upgrade options were
considered. A trade study among these different options
was accomplished with the involvement of the most
innovative avionics suppliers.

The options explored included off-the-shelf equipment
such as those used on commercial airliners. In trade
study evaluations, these options resuited in low
performance scores that indicated a fundamental
incompatibility with military requirements and tactical
operations, and were therefore eliminated. At the end of
this competition, taking into consideration marketing

surveys as” well as experience gained by LMAS in
developing and marketing the C-130J to the USAF, UK
Royal Air Force, Royal Australian Air Force and Italian
Air Force, a decision was made to adopt an avionics
system and displays and controls configuration based on
the C-130J hardware and software.

The major advantage of the selected solution is the lower
development, integration and certification / qualification
risk made possible by a reuse policy from C-130J. In
addition the intrinsic flexibility of the MIL-STD-1553B
bus architecture provides for the addition of equipment
such as defensive and other mission systems to meet
peculiar Customer requirements.

As far as the cockpit is concerned, the major differences
from the C-130J are 1) Head Up Displays (HUDs) are an
option rather than baseline equipment and 2) re-
packaging of some multi-function control panels to suite
the smaller C-27J glareshield panel and central console.

To develop the C-27J cockpit, an integrated Alenia and
LMAS team was established, formed by aircraft systems
and installation 'dcsign specialists, human factors
engineers and pilots. Different tools have been used in
the development of the cockpit configuration, including
a digital mock-up on CATIA workstations and an
ergonomic physical mock-up of the complete flight
station. The mock-up has since been modified to serve
as a C-27] flight simulator. '

The C-27J Cockpit and Avionics

The C-27) cockpit (see Figure 4) allows for a crew of
two pilots to perform flogistical and tactical airlift
mission operations in day, night, visual and instrument

" meteorological conditions using standard operational

procedures.

The cockpit is arranged in a standard side-by-side
configuration. The dual control yokes and rudder pedals
retain the G222 / C-27A arrangement. Other controls
required for operating the aircraft, such as flaps and trim
controls are located on the central console within easy
reach of both pilots, enabling either pilot to controf the
aircraft.

A handle located in front of the left side console,
operated by the pilot provides nose-wheel steering
control.

A single throttle quadrant assembly with a single lever
for each engine is located in the center console, easily
accessible to either pilot. Angular position of the two
levers is transmitted to the proper Full Authority Digital
Engine Control (FADEC) via electrical signals.

An additional member (i.e. a loadmaster, tactical support
personnel or observer) can be seated in a third foldable




seat behind the central console to support high workload
missions.

Figure 4 - The C-27J Cockpit Layout

A major design goal in the development of the C-27J
cockpit was to produce a dark cockpit, i.e. using a
minimum number of mode lights. In fact, if a system is
in its normal operation mode, no annunciator lights arc
jlluminated: only when a system leaves (or is
commanded to leave) its normal operating mode are
control panel annunciator lights illuminated. By
minimizing normal mode lights and annunciating only
abnormal conditions, the time and effort required for the
pilots to scan control panels for abnormal conditions is
reduced.

Main Instrument Panel

The Main Instrument Panel contains five Active Matrix
LCD Color Multipurpose Displays Units (CMDUs), the
Integrated Standby Instrument and other general systems
displays and controls (see Figure 5).

The overall layout of the Main Instrument Panel has
been designed to maintain clear out-of-the-window
visibility while allowing an uncluttered configuration of
displays and controls.

The glareshield (sec top of Figure S) contains the Digital
Autopilot / Flight Director controls and displays.
Located within easy reach of either pilot, this
arrangement of autopilot controls provides clear mode
awareness while maintaining out-the-window visibility

The Reference Set control panels are also located on the
glareshield, providing a means for the pilot and copilot
to set the reference barometric setting, airspeed and

All-S

altitude. Master Caution and Master Warning indication
and cancel functions are also provided.

Glareshie\ld Panel
\\

Stand-by Instrument

Figure 5 - Main Instrument Panel

The Center Console (see Figure 6) accommodates three
rows of ARINC standard control panels. This
configuration allows flexibility in the installation of
panels and makes it possible to cater for Customer-
unique requirements or growth.
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Figure 6 - Center Console

The design of the console allows easy access to control
panels by both pilots while the rear part of the console
accommodates equipment for the additional crew
member.

The Overhead Panel (see Figure 7) integrates general
aircraft systems displays and controls, allowing
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accessibility by both pilots. It also contains flight
essential circuit breakers to satisfy JAR 25 requirements
for a two-pilot cockpit.

Like the center console, the overhead console uses a
three-row configuration with quick-disconnect rails to
improve maintainability, thus allowing easy access to the
panels and providing flexibility and growth capacity.

-
Circuit Breakers )
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Electrics

ECS. .
. _— Hydraulics
|
* '} . Antidce
Engines & _ . v
Propellers
id _ Fuel

A—— Fire Extinguishing

Figure 7 - Overhead Console

The lower side consoles are reserved for control
functions that can be dedicated to a single pilot.
Stowage for charts, handbooks and other small loose
equipment is provided.

A/P Control Pitch & Roll Trim
Cursor Control

-

Radioflntorcomm . Chaff & Flares
-

- . Touch Control Steering
-

Stopwatch t Audio
Warning “Hush™

Go-around

Chart Holder

Figure 8 — Pilot’s Control ycke

The Control Yokes (sec Figure 8), while maintaining the
basic configuration of G222/C-27A, have been modified
with ergonomically designed grip controls that provide
quick access to certain functions while keeping the
pilot’s hands on the control wheel during workload
intensive missions

Displays

The C-27} has an integrated head down display systcm
that is optimized to provide the pilots with the type and
amount of information they need at the time they need it.

Primary flight information and guidance as well as
navigation, power plant and fuel system information is
available on the five head down CMDUSs mounted in the
main instrument pancl. These displays have a viewing
area of 6 inches horizontally by 8 inches vertically.

CMDUs present information in a number of formats that
have been derived from those available on C-130J and
adapted for the C-27} configuration.

These displays formats have been carefully designed
using established human engineering guidelines and
operational standards. They have been validated in
engineering flight simulations as well as during flight
tests with the participation of company, military and
Certification Authority pilots. In fact, the basic C-130]
display formats (PFD, NAV, Engine, etc.) have been
certified under FAR Part 25 by the US FAA. '

The available formats include:

—  Primary Flight Display (PFD)

— Navigation and Radar Display (NAV)

— Digital Map Display

— Engine, Fuel and Advisory, Caution
and Waming System (ACAWS)
Display

— ACAWS Overflow Display

— Fault Log

Each of the CMDUs is capable of displaying any of the
available formats: however, the two outboard CMDUs
are normally dedicated to Primary Flight Display
formats while the center CMDU presents the Engine,
Fucl and ACAWS format. '

Selection of the formats to be presented as well as of the
presented display parameters is commanded by the pilots
through two (pilot and copilot) Single Avionics
Management Units (SAMU) located on the Center
Console (sce Figure 6).

The incorporation of multi-function displays in the C-
27) cockpit eliminates the need for more than 50 clectro-
mechanical displays previously used in the G222 / C-
27A cockpit. '




CMDU Formats

The C-27] PFD format presents vital flight information
(i.e. airspeed, attitude/flight path, altitude and horizontal
situation) in a standard “T” arrangement. Additional
data available on the PFD includes autopilot mode
annunciators, radar altitude, flight director, clock, and
stopwatch indications as well as data from the Traffic
Alerting and Collision Avoidancc System (TCAS).

The C-27) NAV format provides an expanded view of
the aircraft horizontal situation. On this format it is
possible to overlay flight plan information, waypoints,
airport locations, and threats.

This integrated display includes data such as time on
target, bearing and distance to waypoints, estimated time
of arrival, clock and stopwatch readouts. The capability
to overlay high resolution color weather radar, ground
mapping radar and TCAS greatly enhances the pilots’
situational awareness and simplifies the task of aircraft
navigation.

The Digital Map Display Format presents current aircraft
position supcrimposed on digitized maps from a Digital
Map Unit. Overlays on this display such as flight plans
are also available to reduce the need for pilots to consult
paper maps and manually track aircraft position relative
to terrain features on low level routes. This has the
overall effect of increasing pilot’s situational awareness
while significantly reducing workload associated with
aircraft navigation.

The ability to pan to different areas of the digitized map
and zoom in for details further enhances the utility of
this display.

The Engine, Fuel and ACAWS Display format provides
the pilots with vital engine operating parameters, fuel
content indications and plain text advisories, cautions
and warnings related to the aircraft systems and
operational conditions.

Color coding of engine indications and automatic color
changes during exceedences simplify the task of engine
performance monitoring.

The ACAWS greatly reduces the need for the pilots to
constantly monitor aircraft systems, thus enabling them
to concentrate on performing their mission. See below
for additional information on ACAWS.

In the unlikely event that there are morc cautions and
warnings present that can be shown on the main Engine,
Fuel and ACAWS format, additional messages arc
automatically displayed on the ACAWS overflow
format, presented on another CMDU according to well
defined algorithms.
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The Fault Log Format presents detailed information on
certain ACAWS messages and certain non-flight related
faults. Cautions and advisories that the pilots have stored
from view on the main Engine, Fue! and ACAWS page
also appear on this format.

Standby Instruments

The Integrated Standby Instrument, located in the main
instrument panel, provides independent sources of
airspeed, altitude, attitude, and magnetic heading on an
NVIS compatible color LCD display.

The Standby Instrument is powered by the Emergency
DC electrical bus and remains powered if all electrical
generating capability is lost. Remote sensors for
pitot/static data and heading, along with internal sensors
for attitude, are integrated in the standby instrument to
provide for continued safe flight in the unlikely event
that all CMDUs are lost.

In addition, an electromechanical Clock / Stopwatch is
available to display time of the day and to provide a
back-up stopwatch.

Adyvisory, Caution And Warning System (ACAWS)
Monitoring of critical operational and systems conditions
and annunciation of failures associated with those
systems are performed by the ACAWS. This reduces the
monitoring load on pilots and allows them to concentrate
on mission oriented duties.

ACAWS takes advantage of the availability of data on
the digital avionics architecture to collect aircraft
systems faults, out-of-tolerance values and to display
appropriate annunciations to the pilots in a centralized
location.

Presented by default on the center CMDU in the main
instrument panel, ACAWS messages take the form of
plain text advisories, cautions and warnings that are
accompanied by aural alerts.

Pilot attention is also captured by means of two master
caution / master warning lights (one for each pilot)
located on a primary area of vision on the glareshield
panel.

Dedicated text and voice messages are also available for
special alerts related to flight critical conditions. For
example, a stall warning system provides the pilots with
an indication of dynamic stall speed and alerts the crew
when the aircraft is approaching a stall condition by
triggering “STALL, STALL” aural and visual messages
and by shaking the contro} column.

| ;
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Flight Management System (FMS)

The C-27) Communication, Navigation and
Identification Management System (CNI-MS) performs
the functions of an FMS. The CNI-MS provides a high
level of automation and designed-in flexibility.

The flight crew interface with the CNI comprises two
CNI Management Units (CNI-MU) located in the
cockpit center console (see Figure 6). All mission
planning and control tasks are performed through the
CNI-MU. They are positioned to allow optimum head
down access by each pilot.

The CNI-MS controls all communication and navigation
functions as well as performing the primary flight
management processing, including flight planning and
calculation of guidance commands. Identification system
(IFF) management is also performed through the CNI-
MS.

Radio tuning can also be performed through the
Communication Navigation Radio Panel located in the
forward part of the center console, in a central posmon
that allows comfortable use by both pilots.

Digital Autopilot / Flight Director System

Dual Digital Autopilot / Flight Director (DA/FD)
systems provide several functions including basic
aircraft stabilization and attitude control, flight director
commands for controlling altitude, speed and heading,
and specific guidance for take-off, flight plan following.
approach and go-around phases of flight.

In addition a Touch Control Steering (TCS) function is
available through a pushbutton switch on the control
yokes that allows the pilots to manually adjust the
aircraft pitch and rol! attitude with column and yoke
movements when an autopilot mode is active. When the
TCS control is released, the autopilot recouples the
selected lateral mode and maintains the pitch attitude
existing at switch release.

The DA/FD interface in the cockpit is provided by the
glareshield mounted control panels as well as
appropriate symbology presented on the PFD format of
the CMDUs. Heading and course reference selection is
provided by the pilot’s and copilot’s Heading/Coursc Set
Panel on the center console.

Cockpit Lighting System

The Cockpit Lighting System includes primary lights
(i.e. all integrally illuminated components such as
instruments, control panels, numeric displays, etc.) and
secondary lights (i.e. dome, flood, wander lamps, and
chart holder lights).

All internal lights incorporate NVIS compatible modes
per MIL-L-85762A. In addition, the dome lights can be
operated in dual NVIS compatible and normal mode. A -
thunderstorm mode is also available.

A dimming function is provided for all primary lights
and for dome, flood, wander and chart holder lights.
Lighting control is designed to provide control across all
ambient conditions. Cockpit lighting control is divided
by zoncs and allocated to pilots according to a specific
control philosophy to ease workload.

The C-27J Flight Simulator

As previously discussed, the C-27J has been developed
with the use of a Flight Simulation facility located in the
Alenia Aeronautica plant in Torino, Italy.

This facility has been used in the development of the
cockpit ergonomic design as well as development of the
flight controls system and integration of the new
powerplant. 1t will also bc used to prepare fox and
support flight test activities. »

The Flight Simulator, developed as an ergonomic mock-
up used in the initial phases of the program, comprises a
complete fixed-base flight station cquipped with a
Computer Generated Imagery (CGl) system. The CGI
system projects the external world onto screens located
in front of the cockpit windows.

The flight simulator cockpit is equipped with a mix of
commercial off-the-shelf displays and controls, G222-
standard equipment such as seats, control columns and
rudder pedals (that are unchanged on C-27J) and some
custom built equipment such as the new throttle quadrant
and flap control assembly.

All simulation software has been developed internally by
Alenia, based on experience gained in the AM-X and
Eurofighter 2000 programs. A complete aeromechanical
simulation model is available, together with models of
the engines, flight controls and main general aircraft
systems.  Avionics simulation currently allows
performance of basic navigation tasks.

This initial configuration is being updated to become a
full mission simulator. Real C-27) cockpit hardware is
being installed together with a Control Loading System
developed by Fokker Control Systems to simulate
control loads in the complete flight envelope. A new
visual system with collimated optics will be installed to
enhance visual realism. : ‘

This updated Flight Simulator configuration will enable
Customers to perform initial alrcrcw familiarization
training.




Conclusions

The LMATTS C-27) is the only medium size transport
aircraft on the market designcd for military operations
that provides a state-of-the-art glass-cockpit expressly
conccived for tactical operations.

Backed by an avionics system based on a flexible and
expandable MIL-STD-1553B bus architecture, the C-27]
cockpit has retained the overall, mission-proven
geometric configuration of the G222 / C-27A enabling
the two-pilot flight deck crew to perform foreseen
missions more accurately with rcasonable workload
levels.

Development of the C-27J cockpit demonstrates that
introducing state-of-the-art technology in a sound
aircraft design is a viable means of satisfying the current
and future needs of worldwide operators.

List of Abbreviations

AC Alternating Current

ACAWS Advisory, Caution And Warning
‘ System

AMI Aeronautica Militare Italiana

ARINC Acerospace Radio INCorporated
A/C Aircraft

A/P Autopilot

CDS Container Delivery System

CGI Computer Generated Imagery

CMDU Color Multipurpose Display Unit

CNI Communications, Navigation,
Identification

CP Control Pane!

DA/FD Digita! Autopilot / Flight Director

DC Direct Currcnt

ECS Environmental Control System

EFIS Electronic Flight Instruments System

FAA Federal Aviation Administration

FADEC Full Authority Digital Electronic Control

FAR Federal Aviation Regulations

FCS Flight Control System

FMS Flight Management System

GPS Global Positioning System

HF High Frequency .

HMMWYV  High Mobility Multipurpose Wheeled
Vehicle

HUD Head Up Display

INS Inertial Navigation System

IFF Identification Friend or Foe

All9
JAR Joint Aviation Requirements

LAPES Low Altitude Parachute Extraction

System
LCD Liquid Crystal Display
LMAS Lockheed Martin Aeronautical Systems
LMATTS  Lockheed Martin  Alenia  Tactical
Transport Systems
MoD Ministry of Defense
MS Management System
MU Management Unit
NATO North Atlantic Treaty Organization
NAV Navigation
NVG Night Vision Goggles
NVIS Night Vision Imaging System

OBIGGS  On Board Inerting Gas Generation System

PFD Primary Flight Display

RAI Registro Aeronautico Italiano
RSV Reparto Sperimentale Volo
SAMU Single Avionics Management Unit
SHP Shaft Horsepower

STOL Short Take-Off and Landing
TCAS Traffic Collision Avoidance System
TCS Touch Contro! Steering

UHF Ultra High Frequency

UK United Kingdom

us United States

USAF United States Air Force

VHF Very High Frequency

\A] Versione Speciale

VTOL Vertical Take-Off and Landing
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A MODERN INTEGRATED AVIONICS SYSTEM FOR THE NEXT
GENERATION U.S.M.C. ATTACK AND UTILITY HELICOPTERS

SUMMARY

The United States Marine Corps awarded the first phase of the H-1 platform upgrade program to Bell
Helicopter in late 1996. This effort resulted in substantial improvements to both the AH-1 Gunship and UH-1
Utility aircraft. Upgrades included a new transmission and a 4-bladed rotor with resulting improvements in
mission effectiveness and cost of ownership. In 1997, the program was expanded to provide a modern suite of
avionics incorporating improved sensors, cockpits, weapons processing, helmet-mounted displays and an ad-
" vanced centralized mission processing subsystem. This technical paper will review the basis for architectural
decisions of the avionics and the criteria for selection of key sensors and displays. Major attributes of redun-
dancy and commonality are described, together with an overview of an advanced open architecture mission
computer. )
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INTRODUCTION

The H-1 Integrated Avionics System (IAS) respon-
sibility was given to Litton Guidance & Control Systems
-in August of 1997 as an extension to major ongoing
upgrades to AH-1 and UH-1 airframes. The contract
requires delivery of cockpit displays and controls, helmet
display subsystem, communications, navigation, wing
stores weapons management system, turreted 20 mm gun
control, and a central mission computing subsystem.
Since then, Lockheed Martin Corporation has been
selected to provide a long-range Target Sighting System
consisting of a third generation FLIR, color TV, and
laser subsystem, complementing the Hellfire missile used
in the AH-1.

Airframe improvements include a new 4-bladed
composite rigid rotor and drive system, new tail rotor,
increased horsepower, accommodation of increased
crash loads, improved payload accommodations within
the UH-1, added weapons stores station on the AH-1,
and an increase in fuel capacity. These improvements,
together with the new avionics, will deliver the most
affordable and technically advanced helicopters geared
for the new mission roles anticipated over the next
25 years. Figure 1 illustrates the scope of these upgrades
as they apply to the AH-1, now called the AH-1Z, with
similar scope of improvements to the UH-1Y. In total,
these new configurations benefit from 55 percent
commonality by weight, 60 percent by costs, and
85 percent for significant maintenance items, and result
in substantial increases to payload, range, and
affordability.

This upgrade was preceded by a series of studies to
determine the most cost-effective way of optimizing
helicopter warfighting capability for the diverse mission
roles of the U.S. Marine Corps. Enhancements to both
platforms resulted in:

Improved mission capability

[

¢ Increased performance and maneuverability
e  Additional features for survivability

e  Reduced pilot workload

® Increased growth potential

Recognition that these platform types will be ac-
cepted into service in a new generation of threat has
shaped the decisions both for the basic platforms and
avionics.

Warfighting requirements and the identification of
those technologies needed to support them are derived
from the U.S. DoD analysis and directives contained
within Joint Vision 2010. In some regards, this listing of
about one dozen- supporting objectives have all influ-
enced the AH-1Z and UH-1Y products, but primarily the
avionics upgrade is linked to:

Information superiority

Application of precision force

Improved combat identification

Military operations in urban terrain

Improved capability for Electronic Warfare (EW)

Paper presented at the RTO SCI Symposium on “Aircraft Update Programmes. The Economical Alternative?”,
held in Ankara, Turkey, 26-28 April 1999 and published in RTO MP-44.
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T-700

6 Wing-Stations
« AJA Missiles
* AIG Missiles
* Rockets

» Auxiliary Fuel Tanks

P-22191-001A

Engines New 2625 SHP
. Transmission 4-Blade

Composite Rigid
ot b= Rotor

Cockpit
Upgrade

Target Sight
System (TSS)

Also
* Pylon Structural Modifications
* Improved 4B Tail Rotor

» Engine IR Suppressor

¢« Improved Elevator

» Upgraded Landing Gear

Figure 1. Scope of Upgrades

Diversity of the U.S. Marine Corps charter demands
more mission versatility than the specialized helicopter
gunship solutions of the past decade, and illustrates a
profound shift from the linear battlefield expectation
considered in the older culture of designs, to a theatre of
operations addressing deployment in a Network Centric
setting; autonomous or detached authority; and low
intensity conflicts seeking targets of opportunity.

It is appropriate to consider further, the demands of
Joint Vision 2010 and recognize that attainment of
information superiority is achieved with excesses of
“bandwidth, storage, and processing.” This is the means
to achieve capability in the Network Centric Warfare
setting: a situation in which diverse resources of land,
sea, and air will exchange complex information to
execute time critical missions. These data types are
expected to include broadcasted maps, video mosaics,
retargeting directives, and a variety of large database
retrievals. This has been the basis for development of a
modern general purpose Mission Computer, delivering
enormous built-in growth, with upgrade paths linked to
this future technology base. It also has been pivotal in
the decision to select a centralized architecture of
processing, video/graphics, communications data linking,
and opportunities for large database access. Shown in
Figure 2 is this approach concept which links complex
onboard information with realtime data updates into
aviator useable format.

sATCOM Networks

¢ Geospatial Data
* Retargeting

* Imagery

Rra s
Night Vision
Cameras

P-22191-002A

Figure 2. Centralized Processing of Data,
Graphics, and Video to Support
Information Fusion




COMBAT VISION - “THE GUNSHIP NEED FOR
SITUATIONAL AWARENESS”

. The supporting objectives identified in Joint Vision
2010 and the added needs in a U.S. Marine Corps
mission are best realized by improvements to situational
awareness. It is here that the technologies and mission
execution effectiveness optimally merge. Specifically, it
is necessary to give the aviator capabilities for:

e Execution of time critical missions
e A consistent understanding of the battlespace

e Accommodation within a communication grid of
assured services

e  Assured combat identification

This avionics upgrade delivers the most modemn
combination of sensors, displays, and information
gathered to meet these needs, as depicted in Figure 3.
This is a solution satisfying demands for advanced
tactical communications, improved electro-optical/
infrared imaging, inherent bandwidth and throughput,
and of course, crew interfaces including high resolution
color MFDs, and a full-function helmet-mounted display.

. Helmet-Mounted Display

The advantages of a helmet-mounted display in a
helicopter gunship are well recognized. However, a full
functional capability which provides total symbology
needs in an unambiguous see-through visor has hereto-
fore not been achieved. The challenges are substantial,
but the value to the aviator and the mission are profound.
Developed as part of the Integrated Avionics System
(IAS), this subsystem satisfies all the needs for basic

Improved
EO/IR Imaging

Helmet-Mounted Display

. Execuﬁon of Time-CntlcaI Functions
. COnslstent Battlespace Understandmg
* ‘Grid of Assured Services -

. A§surgd Conibat'iD "

Geospatial
Information

‘Multi-Sensor Display
of Informatlon Fuslon _

P-22191-003

Flgure 3. Situational Awareness and the
Gunship Mission

‘tracker to weapons contro] is achieved.
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aviator safety, optical performance in full daylight
mode,and most impressively, has exceeded the night
pilotage specifications using clip-on image intensified
cameras.

In keeping with the system architecture for central
mission processing, these functions are integrated within
the Mission Computer, allowing video access paths to
exist for future accommodation of FLIR imagery
projection on the visor and capture of helmet camera
video for storage and display. It is also in this setting
that camera sensor processing, symbol creation, and
The basic
helmet-mounted display is a binocular projected system,
in which the projected CRT sources are delivered to a
see-through visor without the hindrance of in-line optical
combiners. This design approach allows for excellent
exit pupil and eye relief, and from this is realized the
ability to accommodate nuclear/ biological/chemical
protection equipment. Figure 4 shows the physical
configuration of the helmet with two cameras attached,
with summaries of performance.

Military Operations in Urban Terrain and
Enhanced Night Pilotage

Requirements for total situational awareness reach
their peak when responding to the needs of military
operations in urban terrain (MOUT). It is here that
maneuverability, survivability, engagement, and the
support of C' (command, control, communication,
computers, and Intelligence) interact at the highest level
of conflict intensity. This demands the best human
interface features, and the unequalled advantage of both
crewmen looking up and out. This need emphasizes the
value of a see-through helmet-mounted display with its
ability to'cue or steer weapons and sighting systems
rapidly to targets. This demand is raised to a higher level
of criticality when executed at night; yet, this is the
anticipated mission role for this next generation gunship.

Until now, night pilotage has been made possible
through the use of either head down thermal imaging
sensors or the aviator night vision image intensified
goggles. The AH-1Z requires that low light intensified
imagery from the clip-on cameras be presented within
the helmet and correlated with outside (see-through)
information, overlayed with cueing and flight sym-
bology. It has been necessary to develop the most
advanced high resolution I?> (image intensified) camera
for this application. This design exceeds the minimal-
needs with either of the redundant clip-on cameras
giving projected night pilotage superior to Generation III
OMNI III direct view goggles.

Additional technology has been developed in the
form of low halo I* tubes, and anti-blooming processing
to address the effects of halos from bright objects. This
is always a shortcoming with night vision devices, but
represents a very serious problem for military operations
in urban warfare environments.
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Helmet Display Performance to Requirements

Requirement Provided

Cameras Secondary Reflection
Display Update Rate

Field of View 40° Horiz, 30° vert 40° Horiz, 30° vert
Ambient Light Environ To 10,000 ft-L Sun Visor: >10,000 ft-L
Clear Visor: 8,750 ft-L
Resolution and MTF MTF>0.29 at 0.86 cy/mR MTF=0.47 at 0.86 cy/mR
Display Viewing Biocular or Binocular Binocular
Head Supported Weight | 4.8 Ib, max. 4.74 1b {including
cameras)
CG with Headform Within Limits for Crash Within Limits for Crash
Safety Safety
Exit Pupli! 15 mm (min.) 15 mm
Clip-On Eye Relief 25 mm (min.) 70 mm
Image Intensified Interpupilary Adjustment} 5th to 95th Percentile 5th to 95th Percentile

<7% (threshold), <3% (goat) | 1%

15 Frames/Sec (threshold) | 30 Frames/Sec
30 Frames/Sec {goal)

P-22191-004

*Fully Redundant Night Vision Capability

*Performance for Resolution Over Luminance Range in Access of Omni Ill Goggles
*Improved intrascene and Interscene Dynamic Range

*Low Halo 12 Tube with Anti-Blooming Technology

Figure 4. Performance and Mechanization Overview
of the Advanced Helmet-Mounted Display System

Target Sight System

The advanced capability of the long-range target
sighting system shown in Figure 5 is at the heart of
stand-off weapons delivery, and is the essential sensor to
complement the laser homing Hellfire Missile. Con-
tained within a large internal volume gimballed turret
assembly are three essential sensors:

1. Third generation 1,S, midwave FLIR, with a
large 8.55-inch (22 cm) aperture

2. TV system consisting of a 0.88° to
15.10° F.O.V. zoomable color camera

3. Long-life lascr designator/range finder

With the gimbals internally stabilized using a fiber
optics inertial sensor unit to within five pradians and
with computer-based image capture and stabilization,
this system provides acquisition and positive target
identification displays through the full range envelope of
the missile.

This true third generation FLIR provides unmatched
operational performance in its support of precision
guided and ballistic weapons.

Full Authority Dual Cockpits

Commonality of avionics components, including
high resolution color MFDs; cyclic, collective and
mission grips; backup instruments; and keyboards, are
provided for both the AH-1Z and UH-1Y. Cockpit
layout and human interaction are also made common to
the maximum extent possible for like functions. The
advantage of this to the U.S. Marine Corps includes
reductions in: documentation costs, training costs,

* logistics costs; and the opportunity for flexible crew

assignments.

Within the specific platform type, full flight and
mission execution capability and authority is provided to
both aircrew positions. In the gunship variant (AH-1Z),
both front and rear seat positions have full control for
flight, have full weapons authority, have full access to
the target sighting system and of course, both front
and rear aviators are equipped with helmet display
subsystems. ‘

*A true 3rd generation FLIR providing unmatched
performance

*Target detection, recognition, and positive 1D at and
beyond maximum weapons range

*Primary sensor to support accurate delivery of
precision guided and ballistic weapons

Sony Color Camera
18x Zoom Lens

NFOV = 0.88" deg .
WFOV = 15.1 deg g

11x Laser Beam

8.55" MWIR FLIR )
VNFOV

M
=4.4x33deg

WFOV
@=21.7x16.4deg
§. LST Electronics
g Laser Spot Tracker (LST)
g {FOV 20 x 10 deg)

Figure 5. Long-Range Target Sighting System




This cockpit design feature positively impacts all of
the overarching upgrade objectives in that it:

e Lowers acquisition cost and life-cycle cost

* Improves survivability and probability of mission
success .

e  Enhances situational awareness
e Reduces pilot workload

This ali-glass cockpit for the AH-1Z is shown in
Figure 6, and features the most advanced displays
adapted from commercial applications. Specifically, the
color MFDs are high resolution (1024 x 768 pixels) units
in an 8-inch x 6-inch (20.3 cm x 15.2 cm) viewing area,
with performance under conditions of full sunlight or at
night vision levels. The viewing cone exceeds
+40° vertical and approaches +60° horizontal with
excellent contrast ratios. In addition, these displays are
connected to the graphics subsystems of the mission
computer through high bandwidth digital interfaces so
that perfect registration of pixel to graphics source is
maintained in a secure electro-magnetic compatibility
(EMC) installation.

Data entry displays are 4 inches x 4 inches (10 cm
x 10 ¢m) units which also serve a dual purpose as the
emergency backup instrument readout.

WEAPONS VERSATlLlTY AND FIRE POWER
“APPLICATION OF PRECISION FORCE”

Weapon Versatility

The new AH-1Z weapons and ordnance array is the
most diverse of any helicopter in the world today.
Furthermore, with the full control authority given to each
crewmember, engagement of separate targets can be
achieved simultaneously. Figure 7 shows the AH-1Z
weapons systems diversity and capacity based on the
upgrade to four universal weapons stations and two
wing-tip stations.

AH-1Z Forward Cockpit

103 (3
@0
L il

‘4.":".

|
©

P-22191-006
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The primary antitank weapon is the AGM-114 Hell-
fire, which can deliver high explosive, shaped charge
warhead over ranges in excess of 10 km. With target
acquisition, detection and laser designation using the
target sighting system, this missile uses its semi-active
homing seeker either in a Lock-on Before Launch
(LOBL) or Lock-on After Launch (LOAL) mode. The
AGM-122 Sidearm is the second type of air-to-ground
missile equipped with wideband radiation head seeker.
Air-to-air engagements use the AIM-9 Sidewinder with
supersonic heat seeking target closure over ranges up to
16 km. '

The 20-mm turreted gun is the quick reaction
weapon of choice, particularly for area suppression or
close range air-to-air gunnery. This weapon can be
deployed in a helmet or target-sighting system steered
mode or can be set to a fixed forward firing position.
Delivering 20-mm high explosive shells at approxi-
mately 630 rounds per minute, this 3-barrel Gattling gun
is a formidable weapon.

Either 7 or 19 round rocket pods are available in the
weapons complement. These are standard 2.75-inch
(7 cm) rockets for air-to-ground use with a variety of

- warheads including flechettes, smoke, illumination, and

high explosion antitank (HEAT).

It is the avionics system that combines these mis-
siles, rockets, and guns into a powerful integrated suite
of weapons. This is achieved by coupling the acquisition

" and control of the weapons to the sighting and helmet
'systems, and through the accuracy enhancements of

computer-based fire control processing. The improve-
ments to guns and rockets, as a result of the integrated
avionics system fire control processing, are shown in
Figure 8. '

AH-1Z Aft Cockpit

g
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T

e
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Figure 6. Fight or Flight Authority from Both Aircrew Location
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Mission Capability
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Figure 8, Relative Error Improvements with Integrated Avionics Systems

THE TOTAL INTEGRATED AVIONIC SYSTEM

Maximum commonality of product across platforms;
achievement of redundancy and backups in all critical
areas of processing, displays, and essential sensors;
massive reserves of processing and bus bandwidths are
delivered within the Integrated Avionics System.
Figure 9 shows the total complement of components and
architecture for the AH-1Z, in concept form. Figure 10
shows a more accurate depiction of the relative archi-
tecture of the AH-1Z and UH-1Y. It also clarifies the
degree of component and architectural commonality, as
well as showing the degree of redundancy provided to
achieve high probabilities of mission success. Beyond
those items of displays, sensors and weaponry previously
discussed, are the elements which support other key
functions. These include:

Communications: based upon the new U.S. Navy
standard RT-1794 integrated radio, combines UHF/VHF,
COMSEC, and modem into a single unit. For the

UH-1Y is further added the expansion to SATCOM in
support of its combat coordination and information
transfer role. Both aircraft are provided new tactical data
communications capability created within the centralized
Mission Computer to generate, receive, and exploit
digital messages and imagery in accordance with the new
standards of Variable Message Format (VMF) standards.

Navigation: is primarily achieved with the U.S.
Navy Embedded GPS Inertial (EGI) and air data sub-
system, which in the case of the AH-1Z is a low airspeed
subsystem necessary to support weapons delivery in
hover or at near zero speed. Backup sensors and displays
are provided in the event of a total IAS failure. A
modern, U.S. Navy standard digital map system is
provided supplying full capability for Digital Terrain
Elevation Data (DTED) and Compressed Arc Digitized
Raster Graphics (CADRG). It also is used as a navigator
map display source, as a threat visibility indicator, and is
part of the in-flight mission planning mode.
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EW/Self-Protection: consists of Litton Applied
Technology Division’s (ATD) APR-39. The APR-39 is
upgraded to provide full MIL-STD-1553B access of
threat warning. It also displays data to the Mission
Computer, thus allowing optimal integration of threat
situational awareness. The ALE-47 chaff and flare
dispensing subsystem is provided, together with the
AAR-47 missile warning and AVR-2A laser detector.

ADVANCED OPEN ARCHITECTURE
MISSION COMPUTER

Mission Computer Requirements and
Design Decisions

In keeping with the overall avionics objectives for
mission versatility, low cost of ownership and perform-
ance to satisfy the necds of situational awareness in a
Network Centric Mission, it has been necessary to
develop a new advanced Open Architecture Mission
Computer incorporating the following important design
points: 1) The need to deliver enormous capacity for
processor throughput, memory and internal communica-
tion bandwidth, all of which is essential in accommo-
dating the demands of information superiority. 2) This
computer will be at the core of functional upgrades over
the next 25 years, and must come equipped with provi-
sioned spare capacity and be able to accept future
module insertion. 3) The ability to install third party
modules requires that open architecture standards for
mechanical form factor and backplane electrical inter-
faces be included.

Interpreting these requirements into a design mecha-
nization was undertaken by realizing that the following
be included:

e Maximum exploitation of Advanced Commercial
Componentry is essential to yield high functional
density, and hence performance margins. This in
turn interprets into the need for sophisticated
thermal management.

¢  Selection of the ANSI VITA Standards for 6U VME
mechanical form factor and backplane connection.
Shortcomings found in catalog solutions have been
overcome through architectural expansion, while
maintaining compliance to standards.

e Designs of modular subfunctions which could build
whole functions at the plug-in module level. This
not only achieves lower cost of ownership and lower
design cost, but also address the major VME
shortcoming of interconnection bus bandwidth.

Exploitation of Commercial Componentry

Revolutionary gains in commercial electronics have
occurred which makes possible advanced avionics
performance. These are evident in all of the functions
for mission computers with general-purpose processor
throughput, memory density, graphics processing and
digital video manipulation at the forefront. In each of
these areas, the improvements in capability, whether
measured in throughput; polygons per second; texture

pixels per second or megabits per device; essentially
double every 18 months. With few exceptions the
component technology source for a general-purpose
avionics Mission Computer is derived from the PC
(personal computer) marketplace. The performance
expectations in terms of processing power, graphics
rendering and even power/volume are perfectly matched.
For military applications these commercial solutions are
essential, and lead to a challenging thermal management
problem. Gone are the days when the military market-
place could specify and obtain advanced components
operating from -55°C to +125°C. Today it is necessary
to tailor the environment around the commercial device
whose performance is likely to be in the range of -20°C
to +80°C. This tailored environment still must withstand
installation in aircraft and environmental exposures,
which are extreme in all regards, including extemal
temperatures from -55°C to +71°C. To add to this
thermal challenge is the fact that the more advanced IC
components from the commercial marketplace are
packaged to dissipate heat from the top cover of the
device, not the mounting base, making the traditional
“Core Heat Sink” module design imperfect. This new
Mission Computer uses a combination of processes and
design features to solve this problem:

* Component rescreening and analysis of IC foundry
techniques, which ensure that a device will operate
reliably beyond its advertised commercial
temperature, range.

e Selective use of high thermally conductive
encapsulated composite fibers, which can be applied
to high value, high power dissipating parts to
conduct heat efficiently to housing side-walls,

e Selective use of Thermo-Electric devices (Peltier
junction) which can be allocated to selected
components or component areas, and maintain a
much narrower thermal swing.

6U VME Standards and Their Shortcomings

Although the PC internal processor and backplane
interconnection is built upon a set of interface standards
which includes PCI bus, ISA, etc., the accepted military
standard for open architecture has become 6U VME
which establishes a precise module mechanical form
factor, backplane connector type, and interconnection
bus. Deficiencies exist in each of these areas, but it does
have the value of a large product base, and a well-
maintained set of standards. The advanced Mission
Computer provides installation capability for all third
party 6U VME modules and provides full compliance to
the ANSI VITA standards with its custom fitted mod-
ules. However, architectural and mechanization features
are used to overcome the deficiencies found in catalog
solutions. Specifically, these include:

e 6UVME baseline connectors are limited in
allocation for backplane custom use. Specifically,
the two 9l-pin connectors are pre-allocated to
VMEq bus and power, leaving only 60 user




definable pins and is inadequate for efficient module
partitioning. The Standards Committee has
addressed this with extensions to an additional P-0
connector, and increases to a 4™ and 5™ row on the
basic P-1 and P-2 connectors. This Mission
Computer fully exploits this expansion.

¢ The basic 6UVMEmodule is mechanically
designed as a single sided heat sinked module and
has two serious deficiencies: 1) with modern low
profile components it is possible to create double-
sided modules and double the capacity of function,
and 2) that advanced commercial ICs need heat
sinking from the top (not the base as is the case in
the standard module). Most catalog solution address
this by the installation of plug-on mezzanines, but
thetr mechanical integrity is suspect in military
environments, or the complexity of attachment
structure diminishes the packaging footprint. This
mission computer design uses a central core heat-
sink, which accepts a two-sided PCB fitting, and
adds custom top-heat-sink attachments for selective
parts. All of this is accomplished in the standard
width of 0.8 inch (2 cm), and is substantially more
rugged and far more thermally efficient.

e Backplane bus bandwidth, more than any other
aspect of the Mission Computer, provides for
functional upgrade or limits its growth. In this
regard, the 6U VME standard, even with the
expansion to VMEyg,, is at the low end of capability.
For this Mission Computer, the VME bus has been
allocated only the task of global control and low
bandwidth functional interconnect. No attempt is
made to use this bus for such functions as Graphics
Display List Management, Memory Access, or
transfer of realtime digital data bases. In order to
deliver both the functional interconnection
bandwidth for the current avionics and to have
convenient upgrade approach, the design strives to
put “whole functions” on single plug-in modules so
that the high bandwidth PCI bus can be linked
without exiting into the backplane. In selective
zones, the backplane is enhanced by careful addition
of interconnection links using PCI bus, LVDS
internal digital video and fiber channel external

" digital video.

This tailoring of backplane using “drop-on” flex-
prints is part of an interconnection scheme that consists
of a multi-layer PCB in which the 6U VME standard
interconnect is equipped in copper etch, critical “tai-
lored” buses use. “Drop-on” flex-prints and low band-
width noncritical signals can be made with wire-wrap
In this way all of the flexibility for growth is given whlle
“= compliance to standards is maintained.

A129

Mixing and Matching With Modular
Subfunctions

A careful partitioning of modular functions and sub-
functions has been achieved which supports the need for
bandwidth maintenance, thermal allocation and maxi-
mum reuse. Specifically a number of basic building
blocks of high performance functions are designed which
can be mixed by allocating to module sides
(A-Side/B-Side). These include general purpose “stan-
dard host processor”, graphics processor, input video
multiplexer/digital converter, input/out functions, etc.
This approach to backplane interconnects and subfunc-
tion tailoring is shown in Figure 11.

AH-1Z AND UH-1Y MISSION
COMPUTER FEATURES

These principles of design have been applied to the
AH-1Z and UH-1Y Mission Computers, realizing all of
the global objectives for delivery of substantial perform-
ance, growth and upgrade flexibility and accommodation
of third party modules through compliance to Open
Architecture Standards. Figure 12 shows the module
complement for AH-1Z Mission Computer, and the
logical subset for UH-1Y. It shows that in a 14-module
slot housing, 6 growth slots remain for AH-1Z and
11 growth slots for UH-1Y. Figure 12 also shows the
two third-party supplier-provided 6U VME modules for
the helmet subsystem. Most notably is shown the
manner in which functional building blocks have been
mixed to tailor whole functions at the module level. In
the case of the AH-1Z the powerful “Standard Host

Processor” has been used as an “A-Side” fitted subfunc- -

tion to support four separate whole functions as Mission
Processor, Graphics Processor, Weapons Processor, and
VTR Symbology Processor.

A standard housing, air plenum/mount and power-
supply is used for both AH-1Z and the depopulated
UH-1Y. The enclosure, together with the internal
module design features, provides a fully compliant
solution to the need of MIL-STD-810C environment and
to the electro-magnetic compatibility needs of MIL-
STD-461/462. This is shown in Figure 13.

The equipped Mission Computer performance is
summarized in Table 1. Major points to be noted:

_e Delivery of 800 MIPs of processor throughput in

AH-1Z
» 256 MB of main memory
» 8 equpped 1553B buses

Also a video and graphics subsystem is included, in
which a single module can drive two simultaneous high
resolution color screens, with realtime scene-generated
graphics and video overlay/windowing. Against this
fitted capability the baseline solution uses less than
20 percent of the throughput, less than 30 percent of the
memory, and only 3 of the 8 fitted MIL-STD-1553B
channels.
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Design Objectives
* Overcome inherent bandwidth limitations of VME,
* Embrace commercial standards for data interface
* Build a family of subfunction designs which can be
configured as whole module functions
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Figure 11. Mission Computer Concepts of Backplane Interconnection and Subfunction Mixing

CONCLUSION

The H-1 1AS upgrade delivers the most modern and
cost-effective suite of avionics available today, and
addresses the mission needs of the next quarter century
with full appreciation for growth and change. This adds

to the benefits achieved in other areas of platform
upgrade, providing to the U.S. Marine Corps essentially,
a new fleet of helicopters for versatile Attack and Utility
missions.
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Figure 12. AH-1/UH-1 Module Combinations
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Figure 13. Comparison of AH-1Z and UH-1Y Mission Computers
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Table 1. Mission Computer Performance Summary
AH-1Z | UH-1Y
Physical
Housing Characteristics Full ATR/15.5” Long Full ATR/15.5” Long
Module Format 6U VME (+Connector Ext) 6U VME (+Connector Ext)
Cooling (Housing Level) Fan Forced Air Fan Forced Air
Cooling (Modulc) Conduction Conduction
Backplane Interconnect Copper Exch + Custom Zones Copper Etch + Custom Zones
Front Panel Attachment Re-configurable Flex + Filters Re-configurable Flex + Filters
Total 5 Lots (Provisioned/Used) 14/8 (6 Spare) 14/8 (11 Sparc)
Functional
General Purpose Frequency/Throughput 4 x (200 MH2/200 MIPS) = 800 MIPS 2 x (200 MH2z/200 MIPS) = 400 MIPS
Processing (Standard  [Main Memory 4x [64 MB (128M Avail)] = 256 MB 2x [64 MB (128M Avail)] = 128 MB
Host Processor) Boot/NOVRAM 4x[512KB/32KB) = 2048 KB/I28 KB |2 x |512 KB/32 KB} = 1024 KB/128 KB
PCI Bridge Equipped Each Module Equipped Each Module
Video Graphics Graphics Outputs (Digital) |4 x [1024 x 768 Full Color] Reconfigurable |4 x {1024 x 768 Full Color] Reconfigurable
Subsysfem Input Video 12 Reconfigurable Channels 12 Reconfigurable Channcls
gﬁ;acihéc:pmc)essor/ Video/Graphics Zoony, De-Interlace; Window in Window Overlay
Graphics Features Anti-Alias; Alpha Blend: Polygons & Textures; Frecze Frame
Weapons Subsystem | Guns (20 am) Full Digital Gun Contro! Loop N/A
Missiles/Rockets Control of SSE (Softwarc) N/A
General 1553B 8 Equipped (3 Assigned) 4 Equipped (3 Assigned)
Input/Output ARINC 429 3 Receivers/d Transmitters 3 Receivers/4 Transmitters
RS-422/RS-237 4x 4 RS-422 2x 4 RS-422
Discretes In/Out 47 x Inputs/28 x Outputs 19 x Inputs/4 x Outputs
Other Scrial Fiber Channel/Ethernet Fiber Channcl/Ethernet
Graphics Creation All HMD Symbology N/A
Helmet Display CRT Drive Deflection & Distortion Correction N/A
Subsystem Night Pilotage Cameras Camera Processing/Overlay N/A
Head Track On Processing & Calibration N/A
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ABSTRACT

Many challenges have emerged within the past five years
for both military customers, as they plan for and pur-
chase aircraft, and for manufacturers, in producing these
aircraft. Opportunities to develop new models of mili-
tary rotorcraft have decrcased with steady reductions in
military budgets and the post cold-war environment.
These budget reductions, coupled with quantum ad-
vances in computing technologies that have advanced
ground-based and airbome processing power, have
shifted the focus of military customers from new model
development to increased aircraft performance via sys-
tem upgrades and training.

The emphasis on meeting long-term operational needs
with these upgraded systems and the training required to
optimize their use has resulted in an imperative to change
acquisition and implementation strategies for both the
aircraft customer and the prime manufacturer. This pa-
per focuses on the impact of these strategies on the rotor-
craft industry, as follows: :

Systems Engineering. The architecture of aircraft
mission equipment packages must be carefully
planned in order to provide the capability of rapid
and cost-effective modifications and upgrades. Avi-
onics architectures have long supported highly fed-
erated mission processing furnished by suppliers

with highly proprietary technical solutions. These

complex closed subsystems cannot be modified or
upgraded without considerable expense, and solicit-
ing equivalent functionality from other suppliers is
cost-prohibitive. Re-engineering the supply chain
process, scrutinizing avionics make-buy decisions,
and concentrating systems engineering activities
early in development programs can aid in satisfacto-
rily and predictably meeting the long-term opera-
tional needs of both the military customer and the
manufacturer.

Aircrafi-level integration facilities. Ground-based
systems integration solutions must supplant aircraft
testing to the maximurm practicable extent in order to
accommodate rapid and economical test results
without expending valuable aircraft time. Systems
integration test stations that combine aircraft sub-
systems with subsystem emulations, math model
simulation, and playback capability can provide a

high degree of fidelity to on-ground testing, both
prior to first flight and during the aircraft flight test
program.

Training systems. Training for pilots, crews, and
maintainers must move to improved on-ground
training systems, such as full flight simulation train-
ers and non-motion cockpit trainers. In order to
make the rapid changes required to keep trainers
current with fielded aircraft, these trainers must also
be developed utilizing a concept of optimizing open
systems architectures and commercial off-the-shelf
hardware and software. With fewer aircraft being
purchased and more complex mission equipment in
development, on-ground training solutions can pro-
vide aircraft personnel tools for becoming familiar
and proficient with their tasks off the aircraft.

INTRODUCTION
Today’s military customer wants
¢ An affordable airplane
¢ That meets performance requirements now,

¢ Has incremental performance upgrades planned that
are affordable and schedule-efficient, and that also

« Has training for crew and maintainers that is concur-
rent and economical. '

Some of the processes that can be utilized to maximize
the ability to satisfy customer requirements are

1. Strong systems engineering focus at the inception of
upgrade program planning that provides specific and
quantifiable performance requirements such that the
missio